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SUMMARY 
 
Stereotactic lung radiotherapy is complicated by the lung tumour moving during 
patient respiration. A common motion compensation method is to use four-dimensional CT 
(4DCT) imaging to generate a maximum intensity projection (MIP) internal target volume 
(ITV) contours during treatment planning to account for all tumour excursions. Image guided 
radiotherapy during treatment may then involve acquiring a volumetric cone-beam CT 
(CBCT) image of the tumour with a therapist visually aligning the CBCT volume to a 4DCT 
MIP ITV contour. It is well known that imaging moving targets with CBCT can result in 
blurry images and the concern addressed here is whether irregular breathing patterns could 
result in any qualitative and quantitative changes in the volumes seen on 4DCT MIP and 
CBCT images that may result in incorrect contouring or misalignment of the volumes. 
Particularly for large doses per fraction delivered in stereotactic radiotherapy a patient 
misalignment could be detrimental to the local control of the tumour and potentially for 
patient survival. 
Four-dimensional CT ITVs from irregular patterns have been analysed volumetrically 
(Noel & Parikh 2011), however, there are no studies reporting on the effect that irregular 
breathing patterns have on alignment of CBCT volumes to 4DCT MIP ITV contours. The 
ability of CBCT imaging to capture the volume of targets moving with sinusoidal patterns has 
been studied (Song et al. 2009; Wang, Z et al. 2007) and with irregular breathing patterns 
(Vergalasova, Maurer & Yin 2011) though, until now, the analyses for irregular patterns have 
not been volumetric. Contouring targets on volumetric 4DCT MIP images and using 
volumetric CBCTs for image guidance is a 3D problem and as such requires being quantified 
in 3D. The objective was therefore to image an irregularly moving phantom moving to 
investigate whether there were any configurations that could result in clinically significant 
errors in contouring target volumes and patient alignment.   
With a focus on clinical relevance, this project used a Perspex thorax phantom to 
simulate a lung patient. The phantom featured lung inserts that could be moved in the 
superior-inferior direction with regular and irregular breathing patterns. Three wooden ‘lung’ 
inserts with different sized Perspex ‘lesions’ embedded inside them replicated the imaging 
contrast between lung tissue and tumour tissue. A variety of breathing patterns were used to 
move the phantom including one sinusoidal pattern, 3 computer-generated irregular patterns 
of constant amplitude, and 6 patterns of varying amplitude recorded from stereotactic lung 
patients. The phantom was imaged on 4DCT and CBCT with the same acquisition settings 
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used for stereotactic lung patients in the clinic. Images were acquired for all permutations of 
computer-generated pattern, lung insert, and amplitude of motion including 0cm, 1cm, 2cm, 
and 4cm. Patient-specific images were acquired by configuring the phantom to match the lung 
lesion size, superior-inferior amplitude, and breathing pattern to each patient. Using Focal 
(CMS v4.62) the volumes on all phantom images were auto-threshold contoured by the author 
to avoid bias. Radiation Oncologists contoured clinical 4DCT MIP and CBCT image sets 
from the 6 patients whose breath traces were acquired. Of interest in the phantom images 
were qualitative changes in the volumes, and quantitative changes including the volumes, 
superior-inferior lengths of the volumes, and errors in alignment between the CBCT volumes 
and 4DCT MIP ITV contours. The results of the patient-specific images acquired on the 
phantom were compared to the clinical images acquired of each patient. 
The results showed significant visual changes to the 4DCT MIP and CBCT volumes 
when large amplitudes and irregular motion patterns were used. The effect on 4DCT MIP 
images was the appearance of banding artifacts, while CBCT volumes became significantly 
reduced in contrast. Breathing patterns with rest periods following exhalation caused shifts in 
CBCT contrast weighted towards the position at which the lesion rested resulting in visibly 
sharper superior edges and blurrier inferior edges of the CBCT volumes. Both imaging 
modalities resulted in reduced volumes up to 30% as a result of motion as well as shortened 
ITV lengths up to 3.7mm indicating that volume was underrepresented at the extremes of 
motion. Visual alignments of the CBCT volume to the 4DCT MIP ITV contour were 
clinically acceptable for all breathing patterns except for the pattern involving a rest period 
following exhalation. For these patterns edge-to-edge alignments using the sharper superior 
(exhalation) edge of the CBCT volumes resulted in smaller misalignments with the 4DCT 
MIP ITV contours than did centre-to-centre alignment. The comparison of patient-specific 
images acquired of the phantom and their respective clinical images revealed few trends, 
possibly due to interobserver variability in contouring, however it was evident when phantom 
lesions were moved with variable amplitudes derived from patient data there was a distinct 
trend in reduced ITV with increasing amplitude that was not seen for constant amplitudes. In 
most cases sinusoidal motion patterns resulted in the closest agreements to known values and 
resulted in the smallest misalignments. Since most patient do not breath sinusoidally this may 
lead to misinterpretation of previous studies using only sinusoidal motion. 
In conclusion, strategies are needed to compensate for volumes being underrepresented at 
the extremes of motion for both 4DCT MIP and CBCT for larger and varied amplitudes, and 
for patterns with rest periods following exhalation. Lesions moving greater than 2cm had 
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reduced 4DCT MIP ITVs and shortened ITV lengths that would warrant larger treatment 
margins added to the ITV to account for the volume underrepresented at the extremes of 
motion. For lesions moved with a rest period following exhalation the loss of visibility at the 
inferior edge of the CBCT volume meant these images were better aligned using an edge-to-
edge alignment technique instead of visually aligning the centre of the visible CBCT volume 
to the centre of the 4DCT MIP ITV contour. This project has shown that breathing patterns 
are an additional tool that can be used to align the stereotactic lung patient for more accurate 
treatment. The majority of investigations found sinusoidal patterns gave the best agreements 
with known values, reinforcing the importance of investigating clinically relevant motions 
and their effects on 4DCT MIP and CBCT volumes.  
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1 CHAPTER 1: BACKGROUND AND STUDY AIMS 
 
1.1 Introduction 
Stereotactic radiation therapy has had a long history of use in intracranial tumour 
eradication, though it has only recently been used to treat lung tumours. The complexity of 
stereotactic radiotherapy, typified by very large radiation doses in only a few fractions, is only 
further complicated by the motion of the lung tumour caused by patient respiration. Patient 
immobilisation and imaging is routinely used to align the stereotactic lung patient on the 
treatment machine precisely how they were aligned when they underwent their planning CT 
scan. This would ensure that the radiation does not miss the tumour nor over-irradiate 
neighbouring critical structures that could result in detrimental side effects for the patient. 
Cone-beam CT (CBCT) is a common volumetric imaging modality used to align the 
stereotactic lung patient on treatment day. The 3D tumour on CBCT can be aligned to a 
contour on the planning CT scan outlining the volume in which the lung tumour moved 
during the planning scan. Cone-beam CT imaging is popular because the imager is 
conveniently mounted on the treatment machine. Due to its slow imaging and resulting blurry 
reconstructions of moving targets, however, it may be unable to capture the full tumour 
excursion. 
Various authors and manufacturers have devised methods to circumvent the issues 
associated with aligning and treating the moving lung tumour for stereotactic radiotherapy. 
These include methods to track the tumour position using fiducial markers (Fernandez-Velilla 
Pena et al. 2012), forcing the tumour to a known position using breath-hold techniques (Peng 
et al. 2011; Wang, X et al. 2011), abdominal compression to limit the tumour excursion 
(Heinzerling et al. 2008), and moving the radiation beam to follow the tumour motion via 
dynamic leaf motions (Neicu et al. 2003; Ravkilde et al. 2011) or the use of Cyberknife 
(Dieterich & Gibbs 2011). The advent of 4D CBCT has also recently become clinically 
available with the ability to acquire a set of 3D CBCT images that illustrate the various 
tumour positions during image acquisition (Li et al. 2006; Lu et al. 2007). By increasing  the 
scan time and acquiring more projections in all breath phases, this imaging modality has the 
ability to almost eliminate the blurry images that conventional 3D CBCT reconstructs of a 
moving target, enabling a more accurate patient alignment if the minimum and maximum 
excursions are clearly visible (Purdie et al. 2006; Vergalasova, Maurer & Yin 2011). The 
downside at this point in time is 4D CBCT is not as commonly available as 3D CBCT. 
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In the absence of 4D CBCT, patient alignment using 3D CBCT and planning scan 
contours is currently done with a best-fit centre-to-centre alignment of the visible CBCT 
volume to the planning CT scan. Even if CBCT volumes do not capture the full tumour 
excursion, a significant misalignment would not occur provided that the centre of the CBCT 
volume correlated to the centre of motion. What would be concerning for patient alignment is 
if the centre of the visible CBCT volume no longer correlated to the centre of motion as a 
result of irregular breathing patterns. The purpose of this research project was to address this 
concern. A misalignment of the patient, particularly for the large doses and few fractions seen 
in stereotactic lung, could be detrimental to the local control of the tumour and overall patient 
survival. A number of authors have investigated the ability of CBCT imaging to capture the 
internal target volume (ITV) of lung tumour-like objects moving with idealised sinusoidal 
patterns (Song et al. 2009; Wang, Z et al. 2007), as well as with irregular breathing patterns 
(Vergalasova, Maurer & Yin 2011), though for irregular patterns the analyses have not 
extended to the third dimension. Contouring ITVs on volumetric planning CT scans and then 
using volumetric CBCT scans for image guidance is a 3D problem and as such requires being 
quantified in 3D. Planning CT scan ITVs from sinusoidal and irregular breathing patterns 
have been analysed volumetrically (Noel & Parikh 2011), however, until now there have been 
no reported studies investigating the effect that irregular breathing patterns have on the CBCT 
volume and its subsequent alignment with the planning CT scan.  
Therefore the aim of this research project was to investigate the effect that irregular 
breathing patterns had on the volume in which the lung tumour moved as seen on the two 
imaging modalities used to plan and align the lung cancer patient for stereotactic lung 
radiotherapy; namely four-dimensional CT (4DCT) and CBCT, respectively. The use of the 
term ITV here is extended to both 4DCT MIP and CBCT images, though their equivalence is 
not assumed and is in fact what is being measured and analysed. 
To achieve the above aim it was first necessary to understand and report on the 
treatment of lung cancer with radiotherapy and the issues associated with treating a moving 
target. Chapter 1 explains these aspects in detail, introduces stereotactic radiotherapy, and 
follows its shift from extracranial sites to the lung. Chapter 1 also provides tools for image 
guidance used in lung cancer radiotherapy, and demonstrates the importance of motion 
management. A critical analysis of the current literature is presented, revealing a gap in the 
knowledge base surrounding irregular breathing patterns and their resulting ITVs on 4DCT 
MIP and CBCT images. Methods that would improve on authors previous works are 
presented and incorporated into the detailed aim of the study. Based on the information and 
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literature review presented in Chapter 1, an appropriate research method was devised to 
accomplish the aim. Chapter 2 outlines this research method and details the efforts made to 
carry out experiments that were clinically relevant. The results of the detailed experiments are 
presented in Chapter 3, and are analysed in Chapter 4. Conclusions drawn from the results and 
discussion of this study are presented in the final chapter.  
 
1.2 Radiation therapy 
1.2.1 Treating cancer with radiation therapy 
The ultimate goal of radiotherapy is to maximise the dose to the cancerous tissues 
while minimising the dose to the surrounding healthy tissues (Childs & Lord 2007). In 
external beam radiotherapy this is typically achieved by using multiple radiation beams 
centred on the tumour but distributed around the patient at different angles, effectively 
loading the tumour volume with dose while smearing out the dose to the surrounding healthy 
tissues (Parker & Patrocinio 2005). 
 
1.2.2 Treatment volumes 
The volume of tissue that the radiation dose is prescribed to is called the Planning 
Target Volume (PTV), depicted in Figure 1.1, and is made up of the visible or palpable Gross 
Tumour Volume (GTV) plus a number of necessary margins added to this GTV (ICRU 1999). 
The first margin on the GTV creates the Clinical Target Volume (CTV) and this accounts for 
microscopic spread of the tumour. Another margin is added to the CTV, called an Internal 
Margin (IM), to create the Internal Target Volume (ITV) and this accounts for random 
variations in size, shape and position of the CTV. Finally a Setup Margin (SM) is added onto 
the ITV to account for any day-to-day errors in patient setup and beam positioning.  
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Figure 1.1 The Planning Target Volume (PTV) is composed of a Gross Target 
Volume (GTV) with various margins to account for microscopic tumour spread, 
and variations in size, shape, and position of the Clinical Target Volume (CTV). 
(Parker & Patrocinio 2005) (edited) 
 
All these margins on the GTV can result in a large volume of healthy tissue being 
irradiated, and it is the job of the radiation therapist to design a treatment plan that will 
maximise the dose to the tumour without exceeding the tolerance doses of the surrounding 
healthy tissues.  
 
1.2.3 Lung cancer and radiation therapy 
Lung cancer presents a particular challenge to radiotherapy as the tumour itself can 
move significantly whilst the patient is breathing. One technique used to plan lung cancer is to 
image the patient in such a way that the tumour motion can be tracked as the patient breathes. 
The ITV for lung treatments therefore contains the entire volume in which the tumour moves 
while the patient is breathing. A setup margin (SM) is added to the ITV to create the final 
PTV as seen in Figure 1.2 .  
 
 
Figure 1.2 Planning Treatment Volume (PTV) for a lung tumour is composed of the 
Internal Target Volume (ITV) + Setup Margin (SM). (Takeda et al. 2005) 
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If the motion of the lung tumour is significant, then a large IM plus SM can result in a 
PTV that involves a much larger volume of healthy tissue being irradiated than in the case of 
a tumour, in the prostate for example, that does not move with respiration. To add to the 
challenge, healthy lung tissue is highly sensitive to radiation and susceptible to pneumonitis 
(Graham et al. 1999) so keeping the volume of healthy tissue irradiated to a minimum is vital. 
A recent publication by the American Cancer Society (Jemal et al. 2010) stated that the 5-year 
relative survival for people diagnosed with lung cancer between 1999 and 2005 was an 
unfavourable 16%. Treating lung cancer with radiotherapy can improve this poor prognosis 
by employing new strategies that treat the least amount of healthy lung tissue as possible. A 
modern treatment technique that endeavours to reduce the amount of healthy lung tissue being 
irradiated is stereotactic radiation therapy. 
 
1.3 Stereotactic radiation therapy 
Stereotactic radiation therapy is distinguished by the delivery of large doses of 
radiation to small tumour volumes in only a few fractions (Benedict et al. 2010). Stereotactic 
radiation therapy is an attractive treatment technique for both the radiation oncologist and the 
patient as the patient is treated in only a few fractions compared to 30 or more in conventional 
radiotherapy, and the equivalent biological doses can exceed 100Gy which is far greater than 
the 60-70Gy achievable in conventional radiotherapy (Fowler et al. 2004). This is achieved 
using the dosimetric properties of multiple, non-opposing, small fields, and prescribing to a 
lower isodose line than used in conventional radiation therapy (Benedict et al. 2010). 
According to ICRU 50 dose variation in the targeted volume in conventional radiation therapy 
is to be kept between -5% and +7% of the prescribed dose (ICRU 1993), and the prescription 
isodose line for target coverage is therefore usually 95%. When prescribing to a lower isodose 
line, such as 80% in stereotactic radiotherapy planning, a steeper dose gradient is seen beyond 
the target volume (Kim & Palta 2008) resulting in a greater degree of dose heterogeneity 
within the target (Figure 1.3). Stereotactic radiotherapy plans therefore cannot adhere to 
ICRU 50 dose variation guidelines, though it is argued that for tumours of non-functioning 
tissue, such as in the lung, dose heterogeneity within the tumour volume is not only 
acceptable, but clinically desirable (Benedict et al. 2010).  
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Figure 1.3 Dose profiles at depth in a conventional radiotherapy beam (left) and in a 
stereotactic radiotherapy beam (right). Note the quicker dose fall-off with small fields and 
lower prescription isodose lines used in stereotactic radiotherapy planning. 
 
Provided that accurate tumour localisation and effective patient immobilisation 
strategies are used, margins around the ITV used in stereotactic radiation therapy can be made 
smaller than the margins used in conventional radiotherapy (Chang & Timmerman 2007). 
With a well-arranged beam configuration stereotactic treatments can deliver a much higher 
dose to the tumour than can conventional radiotherapy, with the ability to reduce the dose 
even more to surrounding healthy tissues. This is evident in Figure 1.4 which shows the more 
conformal dose distribution and healthy tissue sparing properties from a stereotactic beam 
arrangement (B) compared to a conventional radiotherapy plan (A).  
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Figure 1.4 Comparison of dose distributions between a 4-field conventional lung radiotherapy plan (A) 
and a 7-field stereotactic lung radiotherapy plan (B). (Courtesy of Brent Chesson, Radiation Therapist, 
Peter MacCallum Cancer Centre, Melbourne, Australia) 
 
A further benefit of stereotactic radiotherapy is that it can be delivered in a 
hypofractionated manner. Compared to a conventional treatment schedule of 30 fractions, 
hypofractionated stereotactic treatments can be delivered in 1-5 fractions (Benedict et al. 
2010), reducing the number of times the patient is required to attend the clinic.  
 
1.3.1 History of stereotactic radiation therapy  
Stereotactic radiotherapy first emerged in 1951 when Lars Leksell, a Swedish 
neurosurgeon, developed a machine to deliver single, large radiation doses of radiation to 
intracranial tumours (Chang & Timmerman 2007). This machine used pencil beams of 
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radiation from multiple gamma ray sources all aimed at a singular point in space (Leksell 
1983). This machine gave neurosurgeons the ability use a non-invasive beam of radiation to 
safely and successfully treat inoperable tumours as well as operable ones while sparing the 
patient from the side effects and risk of death associated with intracranial surgery (Leksell 
1983). 
 
1.3.2 Current status of stereotactic radiation therapy 
Since the days of Leksell there has been such a rapid increase in the use of stereotactic 
radiotherapy for intracranial tumours that most linear accelerator manufacturers including 
Varian®, Elekta®, and Siemens® have adapted their existing linear accelerator models to 
deliver stereotactic radiotherapy, and some manufacturers have even developed purpose-built 
machines to only deliver stereotactic radiotherapy including Brainlab’s Novalis®, Elekta’s 
Gamma Knife®, and Accuray’s CyberKnife®. In the last 15 years stereotactic radiotherapy has 
been used to not only treat intracranial lesions but to successfully treat extracranial tumour 
sites including the spine, liver, and lung (Benedict et al. 2010). These extracranial stereotactic 
treatment techniques fall under the umbrella term ‘stereotactic body radiotherapy’ (SBRT), to 
set them apart from intracranial stereotactic radiation therapy, and it is lung SBRT in 
particular that this research project has directed its focus. 
 
1.3.3 Treating lung cancer with stereotactic radiation therapy 
Lung cancer, as already mentioned, is challenging to treat with radiotherapy due to the 
tumour moving with patient breathing. Stereotactic radiotherapy presents an even greater 
challenge to treat a moving target due to smaller margins around the ITV, rapid dose fall-off 
beyond the small field edge, and sometimes delivering the total prescribed dose in a single 
fraction. Patient selection criteria for SBRT lung is therefore typically limited to patients with 
tumours smaller than 5cm in diameter that are not centrally located close to structures such as 
the chest wall, heart, and mediastinum due to risk of excessive toxicity (Timmerman et al. 
2006), and with adequate pulmonary function to tolerate the radiation (Benedict et al. 2010). 
With small, moving targets receiving large doses of radiation, particular importance must be 
placed in confidently and accurately imaging the tumour for treatment planning, and imaging 
and locating it immediately prior to treatment. 
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1.4 Lung tumour imaging and localisation in stereotactic radiotherapy 
1.4.1 Imaging for planning of stereotactic lung patients 
Acquiring an image of a moving tumour that can be used by the treatment planning 
system to calculate dose for stereotactic lung radiotherapy treatments is most appropriately 
achieved by 4DCT (Benedict et al. 2010). Four-dimensional CT is essentially a conventional 
3D CT scan that is slowed down to oversample the patient anatomy and capture the tumour as 
it moves through all the phases of the breathing cycle (Keall et al. 2004). The breathing trace 
is tracked during imaging and is used to bin the CT slices into the phases of the breathing 
cycle in which they were taken (Keall 2004), with 10 phase bins typically being used. CT 
slices in a phase bin are added together and reconstructed to generate an image of the tumour 
when it is in that bin’s phase of the breathing cycle. This is done for each phase bin resulting 
in 10 images that correlate with the 10 phases of the breathing cycle, each essentially a 
snapshot in time of the tumour as it moves inside the patient. These 10 images can be further 
processed to create two images that are directly relevant to SBRT lung planning; a 4DCT 
maximum intensity projection (MIP), and a 4DCT average (AVG) (Figure 1.5). 
 
  
Figure 1.5 A 4DCT maximum intensity projection (MIP) (left), and a 4DCT average 
(AVG) (right) of a patient imaged for stereotactic radiation therapy. 
 
A 4DCT MIP is a 3D image set that is generated by using the highest CT numbers 
from each image voxel across all phases (Philips 2007). As lung tumour tissue has a higher 
CT number than healthy lung tissue, the MIP essentially shows every location that the lung 
tumour has moved throughout all phases of the breathing cycle, in other words the MIP 
displays the ITV of the tumour. The MIP is not an appropriate image to use for dosimetric 
calculations in treatment planning as the lung tumour is not everywhere in the ITV all at once, 
therefore an image more representative of the actual CT numbers of the lung tumour over 
time is required. The 4DCT AVG is a 3D image set that is appropriate for SBRT lung dose 
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calculations (Huang et al. 2010) and it is generated by using the average CT numbers from 
each image voxel across all phases (Philips 2007). The difference between a 4DCT MIP and a 
4DCT AVG of a lung tumour is visually evident in Figure 1.5; note the blurred tumour and 
diaphragm in the 4DCT AVG in contrast to the defined tumour edge and diaphragm in the 
4DCT MIP. This research project largely focused on the ITVs captured on 4DCT MIP images 
and how different target motions affected the ITV. This project also investigated the use of 
4DCT MIP ITV contours a reference to align the stereotactic lung patient, as is discussed in 
the following section.   
 
1.4.2 Image-guided radiotherapy for stereotactic lung treatments 
Image-guided radiotherapy (IGRT) plays a pivotal role in localising tumours in order 
to position and treat the stereotactic lung patient. The tenet of IGRT is to image the patient 
while they are immobilised in their treatment position and to correct for any errors in their 
position based on the reference scan that was used to create their treatment plan, thus reducing 
treatment uncertainties (Korreman et al. 2010). There are a number of tools available to carry 
out IGRT for SBRT to improve the accuracy of the radiotherapy treatment and these can be 
separated into two categories; planar imaging, and volumetric imaging.  
 
Planar imaging 
Planar imaging can be carried out in the treatment room using an x-ray source and 
detector in a variety of setups. The most common configurations include ceiling/floor 
mounted imaging systems, and gantry mounted imaging systems (Yin, F F et al. 2009) as 
illustrated in Figure 1.6 and Figure 1.7, respectively.  
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Figure 1.6 Ceiling/floor mounted kV imaging system on Brainlab’s Novalis 
stereotactic radiotherapy machine (Teh et al. 2007).   
 
 
Figure 1.7 Gantry mounted MV (EPID) and kV (on-board) imaging system on 
Varian’s Trilogy™ linear accelerator (Courtesy of Tomas Kron, Ph.D., Peter 
MacCallum Cancer Centre, Melbourne, Australia). 
 
Ceiling/floor mounted imaging systems typically involve kV x-ray tubes recessed into 
the floor and aimed at x-ray detector panels in the ceiling. Gantry mounted imaging systems 
have the kV source and detector fixed to the treatment machine and generally have the ability 
to acquire both MV and kV planar images. MV planar images are acquired using electronic 
portal imaging devices (EPIDs) that can be brought into the 6MV treatment beam for 
assessment of patient alignment, and retracted when not required. The kV imaging x-ray 
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source and detector are typically mounted orthogonal to the treatment beam and can also be 
brought out when required and retracted when not. Imaging the thorax requires a lower energy 
x-ray beam for clinically acceptable image quality and therefore the kV gantry mounted 
imaging systems are used for SBRT lung patient alignment. 
 
   
Figure 1.8 Anterior view (left) and lateral view (right) planar kV x-ray images taken of a 
lung SBRT patient using a gantry mounted kV imaging system. 
 
The main difference between the two source-detector configurations is the 
ceiling/floor mounted systems generate oblique views of the patient anatomy while the gantry 
mounted systems can acquire projections at any angle, though views from the anterior, 
posterior, and lateral angles are the most common. As can be seen in Figure 1.8 low energy 
planar kV images do not provide enough soft-tissue contrast to adequately visualise the 
tumour and so it is mainly used to align to the reference scan based on radio-opaque structures 
such as bony anatomy (Yin, F F et al. 2009). This research project partly focused on using on-
board imaging systems to align the SBRT lung patient based on bony anatomy, though its 
main focus lay in volumetric imaging that is a more appropriate tool to use when aligning the 
lung patient based on soft-tissue structures. 
 
Volumetric imaging 
Volumetric imaging can also be carried out in the treatment room with a variety of 
tools and configurations. Volumetric imaging is used instead of or in addition to planar 
imaging if alignment based on 3D structures is required, or visualisation of soft-tissue is 
needed (Verellen, De Ridder & Storme 2008). Two common volumetric imaging tools 
include CT, and CBCT. CT scanning of the immobilised patient can be done inside the 
treatment room using a diagnostic quality CT-scanner mounted either on rails to glide around 
the patient, or fixed to the floor so the treatment couch can move through it (Verellen, De 
Ridder & Storme 2008). As in planar imaging, the MV treatment beam and EPID, and the 
orthogonally mounted kV source and detector can be used to acquire a CBCT scan. A CBCT 
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is essentially a slow CT scan that instead of using a thin array of detectors and a fan-beam, 
uses a full 2D panel of detectors and an open beam to acquire projections of the patient 
(Korreman et al. 2010). The panel detector can cover the entire tumour volume requiring only 
one 360° rotation of the source and detector to generate a volumetric image of the tumour 
(Jaffray & Siewerdsen 2000).  
 
  
Figure 1.9 Comparison of CT (left) (4DCT AVG) and CBCT (right) of a stereotactic lung patient. 
 
Since the algorithm used to reconstruct the CBCT image assumes the object was 
stationary, any objects that were moving during imaging appear blurry in the image (Sonke et 
al. 2005), seen in Figure 1.9 (right). One 360° rotation of the CBCT imaging system takes 1 
minute and in that time the tumour has moved as the patient breathes, resulting in a blurry 
CBCT image (Figure 1.9 (right)). Though the tumour is blurred, CBCT images are still a 
useful tool to align the stereotactic lung patient as the image closely resembles the 4DCT 
AVG introduced in Chapter 1.4.1. Both in-room CT and CBCT images can be used to correct 
the patient’s treatment position using the 4DCT AVG reference scan used for treatment 
planning. Though volumetric imaging provides superior soft-tissue contrast to planar imaging, 
volumetric imaging delivers a much larger dose to the patient and so its use is to be limited as 
much as possible (Murphy et al. 2007). This research project was largely concerned with 
CBCT scanning that is commonly matched to the 4DCT MIP ITV contour visible on the 
4DCT AVG image for soft-tissue matching of SBRT lung patients, and the effect that 
different target motions had on the CBCT image.  
 
1.5 Literature review 
A literature search and review was conducted to ascertain the knowledge base 
surrounding the measurement of 4DCT MIP and CBCT ITVs and their use in aligning the 
stereotactic lung patient. The databases used included the Cochrane Library, DYNAMED, 
EMBASE, Google Scholar, and PubMed using keywords ‘4DCT’ or ‘four dimensional CT’, 
‘CBCT’ or ‘cone beam CT’, ‘ITV’, ‘lung’, and ‘stereotactic’. The literature search resulted in 
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95 different references, 3 of which included all elements relevant to the aims of this research 
project. From the literature search it was evident that quite a number of centres are using free-
breathing CBCT to align the SBRT lung patient (Altorjai et al. 2011; Grills et al. 2008; Huang 
et al. 2010; Masi et al. 2008; Purdie et al. 2007; Song et al. 2009; Vergalasova, Maurer & Yin 
2011; Wang, Z et al. 2007; Worm et al. 2010; Yin, F. F. et al. 2008) but only three authors 
have compared the ITVs generated by CBCT to those of 4DCT and investigated the effect 
that different breathing patterns had on the alignment of stereotactic lung patients. 
Song et al. (2009) at Chonnam National University Medical School, Korea, devised a 
2x2x2cm3 cube made of water-equivalent material sandwiched between larger water-
equivalent slabs and set the cube into 1-dimensional motion with various cycle lengths and 
peak to peak amplitudes. Their phantom setup does not simulate a typical SBRT lung 
situation. As mentioned in Chapter 1.3.3 lung SBRT cannot be delivered close to mediastinal 
structures or the chest wall, therefore a phantom with a tumour surrounded by lung-equivalent 
material would have been a more appropriate setup for this study. Furthermore, the patterns 
they used were sinusoidal and, again, do not reflect clinically realistic breathing patterns. The 
phantom CBCT ITV analyses carried out by Song et al. (2009) included only an assessment 
of ITV length for sinusoidal patterns. They found that, at least for sinusoidal motion patterns, 
the CBCT ITV lengths became shorter from the known ITV lengths as amplitude increased. 
This indicates that CBCT ITVs would be affected by motion, but this could not be quantified 
by their one-dimensional analysis. 
Wang et al. (2007) at Duke University Medical Centre, USA, took 4DCT and CBCT 
images of a lung phantom moving with four breath patterns of varying lengths and amplitudes 
and also moved the lung insert in three-dimensions. The breathing patterns they used, 
however, were variations of a sinusoidal pattern that did not represent the various irregular 
patterns of breathing seen in clinical settings. Their target was also a 10mm steel ball which 
does not reflect the various sizes of lung tumours treated in stereotactic lung radiotherapy nor 
the actual CT number of soft tissue. Visualising a steel object on 4DCT or CBCT does not 
present the same clinical challenge as identifying soft-tissue tumours in lung tissue. Wang et 
al. (2007) found a reduction in CBCT volume compared to the 4DCT ITV for all motion 
patterns and amplitudes, though this was restricted to sinusoidal patterns. A proven reduction 
in CBCT volume for sinusoidal patterns would also indicate a reduction in CBCT volume for 
irregular patterns making it an important quantity to determine.  
Another group at Duke University Medical Centre, Vergalasova et al. (2011) 
improved on the methods of Wang et al. (2007) to include a more clinically realistic phantom 
 18 
setup as well as irregular breathing patterns. The majority of the methods and materials 
conducted in this research project overlapped with the methods and materials used by 
Vergalasova et al. (2011). Vergalasova et al. (2011) used lung tissue equivalent material for 
lung inserts, embedded with spherical, soft tissue equivalent lesions of 1 cm and 3 cm 
diameter. They used 5 second long, computer-generated breathing patterns including 1 
sinusoidal pattern and 4 irregular patterns with decreasing ratios of inspiration to expiration to 
move a thorax phantom with amplitudes including 0.5 cm, 1 cm, and 2 cm. They also used 
breathing traces from 6 lung patients scaled, though they scaled all these patterns to a 2 cm 
amplitude for phantom image acquisition. ‘Trace D’ used in my project is most similar to the 
4 irregular computer-generated patterns used by Vergalasova et al. (2011) as these patterns 
share the characteristic of a rest period following exhalation. Though similar in many 
respects, this project differs from the work of Vergalasova et al. (2011) by firstly quantifying 
the volumetric effect on CBCT ITVs from irregular breathing patterns, and secondly aligning 
these CBCT ITVs to the reference 4DCT image to quantify any misalignments as a result of 
the breathing pattern. Vergalasova et al. (2011) reduced the inspiration to expiration ratios and 
assessed the ITVs with a line profile down the centre to look at contrast reduction, and with 
an internal target area through a central slice of the target, therefore a 2-dimensional analysis. 
Though their analysis of CBCT ITVs and irregular breathing patterns did not extend to 3D, 
their results indicate an interesting effect of irregular breathing patterns on the visualisation of 
the CBCT ITV as well as a shift in the high-contrast region away from the centre of motion. 
The length and area changes in CBCT ITV that Vergalasova et al. (2011) found indicate a 
possible source of patient misalignment that therefore requires quantification in 3D. 
 
1.6 Study aims 
The aim of this research project was to investigate the effect that irregular breathing 
patterns had on the ITVs seen in 4DCT MIP and CBCT images. This project examined the 
qualitative and quantitative effects of motion on the 4DCT MIP and CBCT ITVs, the ITV 
lengths, and the accuracy in alignment between 4DCT MIP ITV contours and CBCT images 
acquired using the same motion settings.  
 
1.7 Study methodology 
This Master’s research project is novel primarily in its analysis of 4DCT MIP ITVs 
and CBCT ITVs acquired of a lung phantom that can be programmed to move with both 
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regular and irregular breathing patterns. The motion patterns were based on externally 
measured breathing traces from SBRT lung patients and were scaled to match the internal 
tumour peak to peak amplitude as measured on 4DCT, as it was not assumed that external 
motion amplitude equalled the internal motion amplitude. Three custom built wooden ‘lungs’ 
containing different sized Perspex ‘tumours’ were used that provided an image contrast 
similar to lung tumour surrounded by healthy lung tissue, and the different sized Perspex 
tumours allowed for a more detailed analysis of the effect of tumour size on ITV. The 
phantom lung insert motion was constrained to the superior-inferior direction. The assumption 
is that although lung tumours move in 3 dimensions with respiration, lung tumours move 
more in the superior-inferior direction (Seppenwoolde et al. 2002) and it is the dimension 
with the greatest uncertainty in imaging slice reconstruction. Four-dimensional CT and CBCT 
images were taken of the phantom as it was moved with 4 computer-generated regular and 
irregular breathing patterns using the three lung/tumour inserts and three different tumour 
amplitudes. The phantom was also moved and imaged with 6 actual patient breathing traces 
with the tumour size and amplitude selected to closely match the patient data. Internal target 
volumes on the resulting 4DCT MIP and CBCT images were measured and compared to the 
known ITV, and an assessment of the phantom alignment for each image pair was conducted. 
As we have observed stereotactic lung patients to breathe with similar patterns between 
imaging and treatment, the analysis here was limited to the comparison of images acquired 
using the same patterns in imaging and treatment. Furthermore, intentionally using the same 
trace isolated the effects due to the different imaging systems. Clinical 4DCT MIP and CBCT 
image sets from the 6 actual SBRT lung patients were analysed by comparing the CBCT ITV, 
as contoured by a Radiation Oncologist, to the 4DCT MIP ITV, also contoured by a RO and 
used for treatment planning. The comparison between patient images and those of the 
phantom moving with the patient traces was related to the breathing patterns exhibited by the 
patient during CBCT imaging. This project is a world first with a volumetric analysis of 
CBCT ITVs from irregular breathing patterns on a clinically relevant SBRT lung phantom, 
and the subsequent effect on alignment of these CBCT ITVs to 4DCT MIP ITVs. 
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2 CHAPTER 2: MATERIALS & METHODS 
 
2.1 Equipment 
2.1.1 Phantom 
Phantom geometry and motor control 
A modified QUASAR™ Programmable Respiratory Motion Phantom (Modus 
Medical Devices Inc., London, Ontario, Canada) was used to simulate a lung SBRT patient. 
The phantom is a semi-cylindrical Perspex ‘thorax’ with dimensions of 20 cm (anterior-
posterior), 30 cm (right-left), and 8 cm (superior-inferior). On the phantom’s anterior, right, 
and left sides there are surrogate markers for the phantom’s centre for easy alignment by the 
user (Figure 2.1). 
 
  
Figure 2.1 Body (left) and external markings (right) of the QUASAR™ Programmable Respiratory Motion 
Phantom (Modus Medical Devices Inc., London, Ontario, Canada) used to simulate a lung SBRT patient. 
 
The phantom has three cylindrical cavities that are 8 cm in diameter running superior-inferior 
in its body for housing various inserts including lung. An insert can be magnetically attached 
to an adjustable amplitude scale (Figure 2.2) and moved in a piston-like fashion in the cavity 
by a DC motor. 
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Figure 2.2 The DC motor, adjustable amplitude scale, and chest wall platform used 
in dynamic mode of the QUASAR™ phantom. 
 
Figure 2.2 also shows the chest wall platform that was supplied with the phantom. External 
motion tracking devices can be placed on or attached to this motion platform to monitor the 
phantom motion. The motion of the original phantom was limited to variations of sinusoidal 
waveforms and the original purchase did not include inserts that would be appropriate for 
lung tumour imaging. Modifications were therefore made to the QUASAR™ phantom that 
would make it possible to move the inserts with irregular breathing patterns and be more 
representative of a real lung patient. These modifications were carried out by Leon Dunn as 
part of his PhD research project at RMIT University and included replacing the DC motor 
with a programmable stepper motor, and the in-house design and manufacture of three 
cylindrical inserts that modeled lung tumours embedded in lung tissue. The MOT-102 
programmable stepper motor (Ocean Controls, Victoria, Australia) was driven by a M325 
stepper motor driver (Leadshire Technology Co. Ltd., Nanshan Dist. Shenzhen, China) which 
enabled finite positional control of the motor. A MATLAB-based program with a graphical 
user interface (KT5193) (Ocean Controls, Victoria, Australia) enabled the user to either create 
regular and irregular breathing patterns, or to load patient breathing traces to move the stepper 
motor. Figure 2.3 illustrates the modified system including the MATLAB-based program 
Adjustable 
amplitude 
scale 
Chest wall 
platform 
External 
markings 
DC motor 
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used to program the stepper motor with user-defined motion traces, and a custom-made lung 
insert in the left (patient supine) cavity. 
 
 
Figure 2.3 Modified QUASAR™ phantom including MATLAB software displaying a patient breathing trace, 
the programmable stepper motor, and a custom-made lung insert in the left cavity. 
 
The following sections detail the aspects of the phantom that were altered to generate 
different phantom configurations for imaging. Variables available to the user included the 
choice of cylindrical insert, the amplitude of motion, and the pattern of breathing. The breath 
cycle length varied only for the 6 SBRT lung patient breathing patterns, as the 4 computer-
generated breathing patterns were made to have a breath length of 4 seconds. A 4 second 
cycle was selected to reflect the average of the breath length range of 2.7 – 5.5 seconds that 
we have observed in our clinic of SBRT lung patients. For the 4 computer-generated 
breathing patterns, all permutations of cylindrical insert, amplitude, and breathing pattern 
were imaged on both 4DCT and CBCT. For the 6 SBRT lung patient breathing patterns only 
one image pair was acquired per breathing trace as the cylindrical insert and amplitude were 
chosen to match the patient-specific data. 
 
Lung inserts 
Three different sized Perspex ‘lesions’ centrally embedded in wooden ‘lung’ inserts 
were custom built for this project to reflect the spread in tumour volumes with which SBRT 
lung patients present with. The materials Perspex and wood were chosen to approximate the 
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densities of tumour tissue and lung, respectively. The wooden cylinders (ρ ~ 1.13 g/cm3) were 
8 cm in diameter and 17.5 cm long, and the Perspex lesions (ρ ~ 0.40 g/cm3) were cylindrical 
in shape with diameters and heights of 15x15 mm, 30x30 mm, 40x40 mm, and volumes of 
2.65 cm3, 21.21 cm3, 50.27 cm3, respectively (Figure 2.4). The height of the Perspex lesions 
extended in the anterior-posterior direction when the wooden inserts were positioned in the 
phantom. 
 
 
Figure 2.4 Custom built wooden ‘lung’ inserts with small (left), medium (middle), and large (right) Perspex 
‘lesions’ embedded inside. 
 
For image acquisition using the SBRT lung patient breathing patterns the choice of Perspex 
lesion size was selected to match the patient’s lung tumour dimensions. Table 2.1 details the 
patient’s approximate tumour dimensions as measured on a clear 4DCT phase image (often 
the 50%) in the right-left (RL), superior-inferior (SI), and anterior-posterior (AP) axes. 
 
Table 2.1 Perspex lesion selection for imaging the phantom using patient-specific 
motion based on SBRT lung patient tumour dimensions. 
Patient Tumour Dimensions RL x SI x AP (mm) 
Perspex Lesion 
Used for Imaging 
1 22 x 20 x 20 medium 
2 8 x 10 x 9 small 
3 25 x 20 x 20 medium 
4 20 x 15 x 20 small 
5 13 x 12 x 13 small 
6 18 x 18 x 15 small 
 
 
 
 24 
2.1.2 Breathing patterns  
Computer-generated breathing patterns 
Four computer-generated breathing patterns were created and used: a) sinusoidal, b) 
the length of inspiration less than the length of expiration, c) the length of inspiration greater 
than the length of expiration, and d) the length of inspiration roughly equal the length of 
expiration followed by a wait period. Figure 2.5 illustrates the 4 computer-generated 
breathing patterns as measured using the Real-time Position Management (RPM) motion 
tracking tool purchased from Varian® (Varian Medical Systems, Palo Alto, CA) (refer to 
Chapter 2.3.2 for detailed information regarding the RPM system). These traces represent the 
patterns used for a variety of motion amplitudes; therefore the y-axes are not scaled. The 
extremes of breathing are denoted in each image by the labels ‘Insp’ (inspiration) and ‘Exp’ 
(expiration). When the phantom lesions are moved with these breathing patterns, ‘Insp’ 
correlates to the inferior position and ‘Exp’ correlates to the superior position of the tumour, 
as they would in a patient. 
 
 
Figure 2.5 Computer-generated breathing patterns: a) sinusoidal, b) inspiration less than expiration, c) 
inspiration greater than expiration, and d) equal inspiration and expiration followed by a wait period. 
 
These four breathing patterns were based on an in-house study conducted by Jason Callahan, 
a PET centre technician at Peter MacCallum Cancer Centre (Peter Mac), who developed the 
above categories from measured patient breathing traces. The above breathing patterns would 
be used to test the ability of 4DCT MIP and CBCT imaging to reproduce the ITVs for cases 
where the lesion reached the peak amplitudes at each extreme. The clinical reality is that 
patients breathe with varying degrees of inspiration and expiration and the lesion does not 
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travel to the extremes of motion each time. Therefore actual patient breathing traces were 
used to test the ability of 4DCT MIP and CBCT imaging to reproduce ITVs for more 
clinically realistic motions. 
 
SBRT lung patient breathing patterns 
Six SBRT lung patient breathing traces were also used to move the inserts in the 
QUASAR™ phantom. These breathing patterns, seen in Figure 2.6, were captured using the 
Varian® RPM system, detailed in Chapter 2.3.2, during CBCT acquisition at treatment mock-
up for the patient. Although externally measured motion patterns were acquired, the peak to 
peak amplitude of the tumour in the phantom was scaled according to the patient’s actual 
tumour motion amplitude, as it was not assumed that external motion amplitudes equalled 
internal motion amplitudes. The extremes of breathing are denoted in each image by the labels 
‘Insp’ (inspiration) and ‘Exp’ (expiration). When the phantom lesions are moved with these 
breathing patterns, ‘Insp’ correlates to the inferior position and ‘Exp’ correlates to the 
superior position of the tumour, as they would in a patient. 
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Figure 2.6 Breathing traces from 6 SBRT lung patients measured on RPM during CBCT acquisition. The 32 
second time window illustrates the typical breathing pattern during CBCT acquisition. 
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The breathing patterns of Patients 1, 3, and 5 resembled the computer-generated pattern ‘d’, 
Patient 2 had a breathing pattern that was almost sinusoidal, and Patients 4 and 6 exhibited 
patterns that displayed an exhale slightly longer than the inhale similar to computer-generated 
pattern ‘b’. Figure 2.7 illustrates the 6 SBRT lung patient breathing traces as measured by 
RPM after they had been processed by the MATLAB-based stepper motor controller software 
and inputted into the phantom.  
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Figure 2.7 Processed SBRT lung patient breathing traces measured on RPM during phantom CBCT imaging. 
The 32 second time window reflects that of the original RPM trace extract. 
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Differences in breathing patterns between Figure 2.6 and Figure 2.7 are a result of smoothing 
algorithms and approximations made by the MATLAB program, and repeating a portion of 
the patient breathing pattern was required to satisfy memory allocation. Due to the limited 
number of sampling points in the reconstruction of a 32 second patient trace, the motor 
controller software unfortunately reduces the duration of rest periods in the patient traces and 
this could impact the results in the comparison between clinical tumour volumes and phantom 
tumour volumes. A newer version of the controller software will overcome this limitation for 
future work. As such, the patient trace and corresponding phantom breathing trace were not 
combined into the same graph.  
 
2.1.3 Amplitudes 
Computer-generated breathing patterns 
When moving the inserts with the 4 computer-generated breathing patterns, three peak 
to peak amplitudes of lesion motion were used; 1 cm, 2 cm, and 4 cm and these were varied 
manually on the phantom using the adjustable amplitude scale. Each time the amplitude scale 
was adjusted the motion pattern was visually inspected for reproducibility and appropriate 
extent of motion. As a second check the periods and appearance of the patterns were 
continually monitored using CT bellows (Chapter 2.2.2) and RPM (Chapter 2.3.2) during 
image acquisition. These amplitudes were selected to reflect the wide range of amplitudes that 
lung tumours can exhibit during radiotherapy. Our clinic has observed tumour motions up to 1 
cm by a number of SBRT lung patients while immobilised and in treatment position, and also 
tumour motions up to 2 cm by SBRT lung patients when their breathing has not been 
restricted by immobilisation devices. A 4 cm amplitude was selected to represent the worst-
case scenario and to test the limits of the 4DCT and CBCT imaging systems. The word 
‘amplitude’ as used throughout this research project is defined as the measurement of length 
from maximum peak to minimum trough.  
 
SBRT lung patient breathing patterns 
The amplitudes used to move the inserts with the 6 SBRT lung patient breathing 
patterns were determined by measuring the patients’ tumour excursions as seen on 4DCT. The 
superior-inferior amplitude of the patient’s tumour was measured in the coronal plane by 
viewing individually the 0% to 90% 4DCT images. Table 2.2 lists the measured amplitudes of 
each patient’s tumour and the maximum amplitudes reached as the insert was moved with the 
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processed SBRT lung patient breathing traces. Due to the design of the Matlab code used to 
process the SBRT lung patient breathing traces it was difficult to scale the trace to the exact 
amplitude of the patients tumour and this is the reason for discrepancies between the 
amplitudes in Table 2.2. 
 
Table 2.2 Patient-specific amplitudes used to move the phantom inserts during 4DCT and 
CBCT imaging. Any difference between phantom and patient amplitudes is a result of 
difficulties in scaling the trace using the Matlab code. 
Patient 
Patient 
tumour 
amplitude 
(mm) 
Phantom 
insert 
amplitude 
(mm) 
1 5.0 4.5 
2 7.0 3.5 
3 6.0 4.5 
4 7.0 6.5 
5 6.0 6.0 
6 10.0 9.0 
 
 
Once the various phantom settings including lesion size, breathing pattern, and amplitude 
were decided on it was then appropriate to image the phantom on 4DCT and CBCT. 
 
2.2 4DCT of phantom 
2.2.1 CT imaging equipment 
A Philips Brilliance CT Big Bore scanner (Philips Medical Systems, Bothell, WA) 
with system version 2.3.0.17167 was used to acquire all CTs and 4DCTs of the phantom. The 
CT scanner had an 85 cm bore and a maximum field of view of 60 cm. It had a maximum 
tube voltage of 140 kVp and a maximum current of 500 mA, and was powered by a 60 kW 
generator. The detector array consisted of 16 rows of 46 detecting elements allowing for the 
acquisition of 16 slices of patient anatomy per 360° rotation. The CT scanner was 
commissioned to acquire 3DCT and 4DCT scans in helical mode, and to bin the CT slices 
acquired during 4DCT into 10 phases for image reconstruction (0-10%, 10-20%, 20-30%, 
etc), with 0% relating to peak inspiration and 50% relating to peak expiration. 
 
2.2.2 Motion tracking during 4DCT 
Motion tracking during 4DCT was done using the Bellows System (Philips Medical 
Systems, Bothell, WA). This system involves an accordion-like pressure belt that generates a 
motion signal from the expansion and contraction of the belt, and the CT software uses this 
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motion signal to bin the CT slices into the appropriate phases of the breathing cycle. The 
pressure belt was strapped around the chest wall platform on the phantom during 4DCT image 
acquisition and the motion signal was captured and used for image reconstruction (Figure 
2.8).  
 
 
Figure 2.8 Phantom setup during 4DCT imaging including Philips Bellows motion tracking 
system attached to the phantom’s chest wall platform.  
 
The mean breaths per minute (bpm) is calculated by the system and displayed in the CT 
console. During 4DCT of the phantom using the 4 second computer-generated breathing 
patterns the bpm was verified to closely match 15 bpm. When moving the inserts with the 
SBRT lung patient breathing patterns the bpm was verified to closely match each individual 
patient’s bpm as calculated during 4DCT (refer to Table 2.4).  
 
2.2.3 Phantom setup 
For CT acquisitions the phantom was setup with the cylindrical lung insert in the left 
cavity and an empty right cavity. The stepper motor cylinder was inserted into the middle 
cavity and was connected to the computer in preparation for motion. A cylindrical insert was 
selected, a breathing pattern was loaded, a peak to peak amplitude was set, and the Bellows 
belt was fixed to the phantom. The phantom was then aligned on the CT couch top by 
Philips Bellows belt 
Chest wall platform 
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matching the phantom’s external markers to the centre of the CT external lasers. The phantom 
was then driven to the centre of the CT bore, verifying its alignment with the internal lasers, 
and the couch position was zeroed. Firstly, reference 3DCT images of the stationary phantom 
with the small, medium, and large lesions inserted were acquired with the amplitude scale set 
at the zero position. Four-dimensional CT images were then acquired using each of the 4 
computer-generated breathing patterns with every permutation of lesion size, and amplitude. 
Four-dimensional CT scans were then taken using the 6 SBRT lung patient breathing patterns 
matched to the patient-specific breath length, lesion size, and tumour amplitude.  
 
2.2.4 Image acquisition settings 
Computer-generated breathing patterns 
Reference 3DCT images were acquired of the stationary phantom with the small, 
medium, and large lesion inserts in place before any 4DCT image acquisitions. Table 2.3 
details the scanning parameters using to image the phantom for 3DCT as well as the 
parameters used to 4DCT image the phantom using the 4 computer-generated breathing 
patterns.  
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Table 2.3 Scanning parameters used to acquire all 3DCT images, and 4DCT images of 
the phantom using computer-generated breathing patterns. 
Scanning Parameter 3DCT 
4DCT 
(computer-
generated 
patterns) 
Tube Voltage (kVp) 140 140 
Tube Current (mA) 56 56 
mAs / Slice 92 250 
Field of View (mm) 500 500 
Slice Thickness (mm) 3 3 
Increment (mm) 3 3 
Scan Length (mm) 180 180 
Rotation Time (s) 0.75 0.44 
Collimator (mm) 16x0.75 16x1.5 
Filter Std B Std B 
CTDI (mGy) 70 19.1 
DLP (mGy · cm) 151.5 399.2 
Time to Scan (s) 6.532 38.702 
Couch Pitch Factor 0.688 0.1 
 
 
These imaging settings were selected based on the imaging settings used to scan the SBRT 
lung patient. This was done so that a direct comparison between phantom ITVs and patient 
ITVs could be conducted. 
 
SBRT lung patient breathing patterns 
For 4DCT image acquisition of the inserts moving with the 6 SBRT lung patient 
breathing patterns the same 4D imaging protocol parameters listed in Table 2.3 were used. 
The Couch Pitch Factor, however, was adjusted to be appropriate given the bpm calculated by 
the Bellows system. Table 2.4 lists the Couch Pitch Factors used for each patient-specific 
4DCT acquisition.  
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Table 2.4 Couch Pitch Factors used during 4DCT of the phantom depending 
on the breath rate calculated by the Bellows system. 
Patient 
Patient 
Breath Rate 
(bpm) 
Phantom Breath 
Rate (bpm) 
Couch Pitch 
Factor 
1 11 13 0.085 
2 20 22 0.120 
3 10 13 0.080 
4 22 22 0.120 
5 15 15 0.100 
6 15 15 0.100 
 
 
The bpm of the phantom was verified to be similar to the bpm measured during 4DCT of the 
SBRT lung patient. A MIP image was generated for each 4DCT image of the phantom. 
 
2.3 CBCT of phantom 
2.3.1 CBCT imaging equipment 
Cone-beam CTs were acquired using a Varian® Trilogy linear accelerator (linac) fitted 
with an On-Board Imager® (OBI) with system version 1.4.13.0 (Varian Medical Systems, 
Palo Alto, CA). The OBI system included a kV x-ray source and a flat-panel imaging detector 
mounted on the linac perpendicular to the treatment beam. The kV x-ray tube was powered by 
a 32 kW high-frequency generator, and had a maximum tube voltage of 150 kVp and a 
maximum tube current of 400 mA. The 40x30 cm2 amorphous silicon flat-panel imager had 
2048x1536 pixels at full resolution.  
 
2.3.2 Motion tracking during CBCT 
During CBCT acquisition of the phantom the breathing traces were monitored using 
the Varian® Real-time Position Management (RPM) system version 1.6 (Varian Medical 
Systems, Palo Alto, CA). As mentioned in Chapter 2.1.2 this system was used during 
treatment mock-up to capture the SBRT lung patient’s breathing trace for use in this research 
project. The RPM system is an external tracking device that uses an infrared video camera to 
track two reflective dots on a plastic cube that can be placed on the patient’s chest wall or on 
the phantom chest wall platform (Figure 2.9). 
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Figure 2.9 Phantom setup during kV CBCT image acquisition including the Varian® Real-time Position 
Management (RPM) system. The system includes an infra-red camera (top left) that monitors the superior-
inferior motion of reflector dots on a cube and generates a respiratory signal (bottom left). 
 
The changing anterior-posterior position of the reflective dots with patient or phantom chest 
wall motion is sampled by the camera every 40 ms and converted into a breathing signal in 
real-time by the RPM software. The average breaths per minute (bpm) of the computer-
generated breathing traces were verified to closely match a 4 second breath length, or 15 bpm, 
during CBCT image acquisition.  
 
2.3.3 Phantom setup 
For CBCT acquisitions on the linac the phantom was setup with the cylindrical lung 
insert in the left cavity and an empty right cavity. The stepper motor cylinder was inserted 
into the middle cavity and was connected to the computer in preparation for motion. A 
cylindrical insert was selected, a breathing pattern was loaded, a peak to peak amplitude was 
set, and the RPM cube was placed on the chest wall platform. The phantom was then aligned 
on the couch top using the room lasers on the right and left markers on the phantom, and 
using the cross-hairs on the phantom’s anterior markers. Firstly, reference images of the 
stationary phantom with the small, medium, and large lesions inserted were acquired with the 
amplitude scale set at the zero position. Cone-beam CT images were then acquired using each 
of the 4 computer-generated breathing patterns with every combination of lesion size, and 
amplitude. Cone-beam CT scans were then taken using the 6 SBRT lung patient breathing 
patterns matched to the patient-specific breath length, lesion size, and tumour amplitude.  
kV tube 
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2.3.4 Image acquisition settings 
Unlike CT scans acquired of the phantom, the same CBCT imaging protocol was used 
to image the inserts moving with the 4 computer-generated breathing patterns and the 6 SBRT 
lung patient breathing patterns. An imaging protocol titled ‘Low Dose Thorax Cu’ was 
commissioned in-house to acquire a CBCT with 110 kVp tube voltage, 32 mA tube current, 
using a half-fan bow-tie filter fitted with an additional 0.15 mm sheet of copper to reduce the 
dose to the patient from low energy photons. Each CBCT image was acquired over a full 360° 
with the gantry rotating at 6°/s and 2.5 mm slice thickness. Each CBCT projection was 
acquired roughly every 0.57° with an x-ray pulse length of 20 ms resulting in about 650 
projections per CBCT scan. The CBCT projections were reconstructed with a Ram-Lak 
convolution and a reconstruction matrix size of 512 x 512. 
 
2.4 ITV contouring 
2.4.1 ITV contouring in phantom images 
Contouring of ITVs in the CBCT and 4DCT MIP images acquired of the moving 
lesions was done using Focal software version 4.62.00 (Computerised Medical Systems, Inc., 
USA). Focal was chosen as the contouring tool as it is used clinically by Radiation 
Oncologists for contouring lesions and critical structures for use in treatment planning. 
Contouring stationary and moving lesions in 4DCT MIP images in Focal was done using the 
Auto Threshold tool with a window/level setting of 1700/500. Contouring stationary lesions 
in CBCT images in Focal was done using Auto Threshold with a window/level setting of 
1700/450. 
 It was not possible to contour the moving lesions in CBCT images using a constant 
window/level setting since CBCT images, as was discussed in Chapter 1.4.2, are more like 
4DCT AVG images than 4DCT MIP images. The averaging out of the CT number of the 
lesion with motion in a CBCT meant a variety of window/level settings were needed, though 
an objective and systematic method for contouring was desired. As the lesion motion was 
constrained to the superior-inferior direction it was discovered that the anterior-posterior 
length of the moving lesion as seen in the CBCTs did not change from the anterior-posterior 
length of the stationary lesion as seen in CBCT. Keeping the same level value of 450 as the 
stationary lesion in CBCT but using a wider window value in Auto Threshold contouring 
provided sufficient visualisation of the ITV of the moving Perspex lesion in the CBCT 
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images. Therefore to standardise the window/level settings used in Auto Threshold contouring 
of moving lesions in CBCT the window value was adjusted until the anterior-posterior length 
of the lesion matched that of the stationary lesion in CBCT, while keeping a level value of 
450. Using this method it was discovered that lesions of the same dimension and amplitude of 
motion could be contoured using the same window/level setting. Table 2.5 lists the 
window/level settings used to Auto Threshold contour lesions moving with the 4 computer-
generated breathing patterns depending on their lesion size and amplitude of motion.  
  
Table 2.5 Window/level settings used in Focal to contour phantom CBCT images of 
lesions moving with the 4 computer-generated breathing patterns. 
Amplitude 
of motion 
(cm) 
Lesion Size Window / Level Setting 
0 small 1700 / 450 
 
medium 1700 / 450 
 
large 1700 / 450 
1 small 1900 / 450 
 
medium 1950 / 450 
 
large 1900 / 450 
2 small 2050 / 450 
 
medium 1950 / 450 
 
large 1800 / 450 
4 small 2150 / 450 
 
medium 2150 / 450 
 
large 2000 / 450 
 
 
The window/level settings used to contour CBCT images of the lesions moving with the 6 
SBRT lung patient breathing patterns were selected based on the settings listed in Table 2.5. 
As the amplitudes of motion for the patient traces were less than 1 cm, the window/level 
settings used to contour CBCTs matched that of the small and medium lesions, and are listed 
in Table 2.6. 
 
Table 2.6 Window/level settings used in Focal to contour phantom CBCT images of 
lesions moving with the 6 SBRT lung patient breathing patterns. 
Patient Amplitude of 
motion (cm) Lesion Size 
Window / 
Level Setting 
1 0.45 medium 1950 / 450 
2 0.35 small 1900 / 450 
3 0.45 medium 1950 / 450 
4 0.65 small 1900 / 450 
5 0.6 small 1900 / 450 
6 0.9 small 1900 / 450 
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Measuring ITV length 
Lengths of ITVs were measured using the ruler tool in Focal when in auto-threshold 
contouring using the window/level values listed in Table 2.5 and Table 2.6. Each coronal slice 
selected to measure ITV length passed through the centre of either the upper or lower half-
cylinders of the Perspex lesions and clearly displayed superior and inferior edges. 
 
2.4.2 ITV contouring in SBRT lung patient images  
Contouring patient 4DCT MIP ITVs 
 The 4DCT MIP ITVs of these 6 SBRT lung patients were already contoured by 
Radiation Oncologists (RO) from Peter MacCallum Cancer Centre for treatment planning 
purposes, meaning the volumes were readily accessible on the treatment planning system. For 
these 6 patients, Patients 1-4 were contoured by Dr. Shankar Siva, while Dr. David Ball and 
Dr. Greg Wheeler contoured Patient 5 and Patient 6, respectively. All patient ITVs were 
contoured in Focal using a standard lung window/level protocol of 1700/-300, with the 
guidance of PET/CT images for functional information.  
 
Contouring patient CBCT ITVs 
As a RO contoured the planning 4DCTs, it was decided appropriate for a RO to also 
contour the clinical CBCTs. The selected CBCTs were post-processed to be axial with the 
reference 4DCT, and imported into Focal. Each CBCT ITV was contoured by Dr. Danny 
Duplan using the clinical standard lung window/level setting of 1700/-300. For Patient 2 the 
RO needed to consult the planning CT scan to confirm what was treated, and for Patient 3 the 
RO looked at the diagnostic images since the lesion was close to the hilum and thus more 
difficult to differentiate from normal structures. All other patient CBCT contours were done 
without assistance from other images. 
 
2.5 Alignment of CBCT ITVs to 4DCT MIP ITV contours 
As was described in Chapter 1.4.2 aligning the SBRT lung patient prior to their 
treatment involves soft-tissue matching the lesion on a CBCT to the ITV contour (derived 
from the 4DCT MIP) overlayed on the 4DCT AVG. The alignment of patient 4DCT and 
CBCT images acquired in this project were done using this procedure; however phantom 
4DCT and CBCT images acquired in this project were aligned using the 4DCT MIP image 
and the 4DCT MIP ITV. Though a 4DCT AVG is visually more like a CBCT, using a 4DCT 
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MIP for phantom image alignment in this project was acceptable since the CBCT lesion was 
primarily being matched to the ITV contour. 
Aligning phantom and patient CBCT images with their corresponding reference 4DCT 
image was conducted in Focal. Focal was used since the ITV contours were previously 
generated in Focal, as described above, and were available for matching to the CBCT lesion. 
Due to the fact that Focal does not support DICOM image registration, the CBCT and 4DCT 
MIP images were required to be manipulated prior to importing them into Focal to simplify 
image alignment. Two image manipulations were conducted: 1) the CBCT images were 
registered to the 4DCT DICOM origin, accounting for any shifts of phantom/patient 
alignment between 4DCT and CBCT, and 2) both CBCT and 4DCT MIP images had an 
artificial sphere of enhanced CT values burnt into the DICOM origin for easy visual image 
alignment in Focal. 
1) Registering the phantom CBCT images to the 4DCT DICOM origins was a 
straightforward task given the setup on both CT scanner and linac involved the isocentric 
alignment of the phantom to the external lasers. The phantom was essentially in ‘treatment 
position’ during CBCT acquisition, and no post-process shifts of the CBCT images were 
required for registration with the 4DCT DICOM origin. The patient CBCT images used in 
this project however, were acquired during treatment mock-up and not acquired in ‘treatment 
position’. A radiation therapist experienced in aligning SBRT lung patients based on CBCT 
soft-tissue matching conducted an off-line match of the clinical CBCT images to the reference 
4DCT images and provided the author with the treatment couch shifts that would have been 
applied to move the patient into treatment position. These couch shifts were used in post-
processing the CBCT to be accurately registered to the 4DCT DICOM origin. 
2) Both CBCT and 4DCT MIP images had an artificial sphere of enhanced CT values 
burnt onto the DICOM origin. The artificial spheres in the phantom images (2 cm diameter, 
500 HU) and in the patient images (5 cm diameter, 1000 HU) provided an identical structure 
in corresponding image sets that could be used for image alignment in Focal. 
The 4DCT MIP image was loaded as a primary data set and the corresponding CBCT 
image was loaded as a secondary data set. The two artificial spheres were matched using 
window/level settings of 1100/-200 (4DCT) and 1100/-300 (CBCT), and the transformation 
matrix values (X0, Y0, Z0) were noted. Using the horizontal and vertical checkerboard tools 
the CBCT lesion was then aligned to the ITV contour in the 4DCT MIP image disregarding 
any rotations required of the lesion, and the new transformation matrix values (X1, Y1, Z1) 
were noted. The difference in transformation matrix values (X1-X0, Y1-Y0, Z1-Z0) was 
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determined to be the shift required to align the CBCT ITV to the 4DCT MIP ITV. This 
project limited the investigation to aligning 4DCT MIP and CBCT images that were acquired 
with the same breathing pattern, lesion size, and amplitude of motion. 
 41 
3 CHAPTER 3: RESULTS 
 
The Results chapter is separated into the measured aspects of the volumes on 4DCT 
MIP and CBCT images. These include the qualitative effects on the visible volumes in both 
imaging modalities, the quantitative effects on the volumes, the effect of motion on the 
volume lengths, and the effect of motion on the alignment of the CBCT volume to the 4DCT 
MIP ITV contour. For simplicity volumes on both 4DCT MIP and CBCT imaging are 
referred to as ITVs, although the equivalence between the volumes in the two imaging 
modalities is not assumed. The objective of this research project was to investigate the 
separate effect of motion on both imaging modalities as well as how the alignment of the two 
related to each other. These aspects will now be described in detail. 
 
3.1 Qualitative effect of motion on 4DCT MIP and CBCT volumes 
3.1.1 Computer-generated breathing patterns 
The visualisation of 4DCT MIP and CBCT ITVs in the central coronal planes of the 
small Perspex lesion moved with the 4 computer-generated breathing patterns is presented in 
Figure 3.1. The breathing patterns A to D were used to move the lesions with end of exhale 
correlating to the superior positions of the tumour, as would be the case in a patient. 
Window/level settings were optimised for visualisation at 1100/-400 for 4DCT and 1100/-500 
for CBCT.  
 
 42 
 
Figure 3.1 The qualitative effect of amplitude on 4DCT MIP and CBCT ITVs for the small lesion moving with 
the 4 computer-generated breathing patterns. 
 
The above image shows that up to 2 cm peak to peak amplitudes the 4DCT MIP ITVs 
captured the full motion of the lesions with an roughly even spread of contrast throughout the 
ITV. When the amplitude was set to 4 cm banding artefacts became evident. Banding 
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artefacts were also evident in the 2 cm Trace D 4DCT MIP where the lesion spent less time at 
the inferior extreme and was not accurately captured. Figure 3.1 also shows that even with 
optimised window/level settings CBCT ITVs were more difficult to visualise, particularly at 
the extremes, than the 4DCT MIP ITVs as motion degraded the contrast between the Perspex 
and wood materials. For Trace A, B, and C the extremes of the CBCT ITVs were of equal 
visual intensity and the highest contrast region roughly correlated to the centre of motion. For 
Trace D however, where motion was weighted to one extreme, there was a higher contrast 
region at the superior extreme, no longer correlated to the centre of motion.  
 The visual effect on 4DCT MIP and CBCT ITVs in the central coronal planes of the 
small, medium, and large Perspex lesion moved 2 cm with the 4 computer-generated 
breathing patterns are presented in Figure 3.2. The window/level settings were adjusted for 
visualisation. 
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Figure 3.2 The qualitative effect of lesion size on 4DCT MIP and CBCT ITVs for the 4 computer-generated 
breathing patterns moved with a 2cm amplitude. 
 
Similar results were found in the above image where a 2 cm amplitude was well captured by 
4DCT MIP ITVs with an even spread of contrast throughout the ITV. Again the extremes of 
motion in the CBCTs were more difficult to visualise than the 4DCT MIP ITVs, however, 
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Figure 3.2 shows that for Trace D there was a sharper superior edge to the ITV compared to 
the blurrier inferior edge of the ITV. This is most evident in the CBCT ITV of the large lesion 
moved 2 cm with Trace D. 
 Based on the interesting results presented above regarding Trace D the small lesion 
moving 2 cm was reimaged on 4DCT and CBCT using 4 different breath lengths. The 
additional breath lengths included 2, 6, and 10 s to compare to the already acquired 4 s 
images. The appearances of the reimaged lesion on 4DCT and CBCT are illustrated in Figure 
3.3.  
 
 
Figure 3.3 The qualitative effect of breath length on 4DCT MIP and CBCT ITVs for the small lesion moved 2 
cm with Trace D. 
 
The figure above shows that motion artefacts were visible in all 4DCT MIP images, 
particularly at the inspiration extreme (bottom of image) for 2 s and 4 s, and in the centre for 
2, 6, and 10 s. The CBCT ITVs again displayed a shift in the brightest part of the CBCT ITV 
away from the centre of motion and the inspiration extreme continues to be difficult to 
visualise regardless of breath length. The effect of breath length for this select phantom 
configuration on ITV, ITV length, and ITV alignment are detailed in Chapters 3.2, 3.3, and 
3.4, respectively. 
 
3.1.2 SBRT lung patient breathing patterns 
The sinusoidal and non-sinusoidal patterns presented above are idealised patterns that 
move the lesion to the full extremes of motion after each breath cycle. This does not reflect 
the clinical reality since patients breathe with both irregular patterns and varying degrees of 
inspiration and expiration, meaning the tumour will travel with varying speeds and amplitudes 
throughout imaging and treatment. Therefore the use of actual patient breathing patterns in 
addition to computer-generated breathing patterns was done in this project to provide a more 
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clinically relevant set of results. The 6 SBRT lung patient breathing patterns were irregular in 
both pattern and amplitude, with the maximum amplitudes reached in each pattern listed in 
Table 2.2. Figure 3.4 illustrates the effect of actual patient breathing patterns on the 
visualisation of 4DCT MIP and CBCT ITVs in the coronal plane. Window/level settings were 
optimised for visualisation. 
 
 
Figure 3.4 The visual effect of SBRT lung patient breathing patterns on 4DCT MIP and CBCT ITVs depending 
on amplitude and lesion size. 
 
Since the maximum amplitudes for the above lesions were all less than 1 cm there were no 
banding artefacts in the 4DCT MIP ITVs, and most of the lesions on CBCT had similar 
contrast to their corresponding 4DCT MIP images. The exception was the CBCT of Patient 6 
that has been significantly blurred as a result of being moved with the largest amplitude of 
approximately 1 cm. 
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3.2 Quantitative effect of motion on 4DCT MIP and CBCT volumes 
The effect of motion on 4DCT MIP and CBCT target volumes for both computer-
generated and patient-specific breathing patterns is outlined below. Measured volume is 
compared to the ‘known volume’ in which the lesion of known geometry moved a known 
distance. The ‘known volume’ is then the gold standard for phantom measurements. The 
window/level settings for auto-threshold contouring 4DCT MIP and CBCT ITVs were 
optimized based on the known dimensions and volumes of the stationary Perspex lesions. 
Table 3.1 lists the errors between contoured volumes and the known volumes for the small, 
medium, and large lesions contoured using window/level settings of 1700/500 for 4DCT and 
1700/450 for CBCT.  
 
Table 3.1 Differences between contoured 4DCT MIP ITV, CBCT ITV and known volumes of 
stationary lesions when auto-threshold contouring using window/level settings of 1700/500 for 
4DCT and 1700/450 for CBCT. 
4DCT CBCT Stationary 
lesion size 
Actual 
ITV 
(cc) ITV (cc) 
Diff 
(cc) 
Diff 
(%) 
ITV 
(cc) 
Diff 
(cc) 
Diff 
(%) 
small 2.65 2.71 0.06 +2 2.64 -0.01 -1 
medium 21.21 21.20 -0.01 0 21.00 -0.21 -1 
large 50.27 49.58 -0.69 -1 49.36 -0.91 -2 
 
 
The differences were all within 2%, which reflected appropriately selected window/level 
settings for both 4DCT MIP and CBCT ITV contouring.  
 
3.2.1 Computer-generated breathing patterns 
Figure 3.5 shows the measured 4DCT MIP ITVs compared to the known ITVs for the 
small, medium, and large lesions moved 0cm, 1cm, 2cm, and 4cm with the 4 computer-
generated breathing patterns. The differences in 4DCT MIP ITVs from the known ITVs are 
displayed in both absolute volume (cc) (plots a)-c)) and relative volume (%) (plots d)-f)). The 
dotted horizontal lines at 0 cc and 0 % represent the known ITV values.  
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Figure 3.5 The effect of motion on 4DCT MIP ITV compared to known ITV for small, medium, and large 
lesions moved 0cm, 1cm, 2cm, and 4cm with the 4 computer-generated breathing patterns; Trace A, Trace B, 
Trace C, and Trace D. Plots a), b), and c) illustrate the absolute volume change in ITV (cc), and plots d), e), and 
f) illustrate the change in ITV as a percentage difference (%). 
 
Figure 3.5 shows that compared to the initial volumes of stationary lesions, 4DCT MIP ITV 
values of moving targets were smaller for all lesion sizes irrespective of breathing trace and 
amplitude. There was a distinct trend in reduction of 4DCT MIP ITV from known ITV with 
increasing amplitude as is evident in plots a)-c), while plots d)-f) show how the relative 
reduction in volume worsened as amplitude increased and lesion size decreased. Due to its 
smaller relative volume, a small change in ITV for the small lesion will cause a larger relative 
volume change than it would for the medium or large lesion. Trace A (sinusoidal motion) 
showed the smallest reductions in 4DCT MIP ITVs when motion was introduced, particularly 
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for the medium and large lesions. Traces B and C were similar in pattern, though opposite in 
length of expiration and inspiration, and one would therefore anticipate their 4DCT MIP ITVs 
to be comparable but the ITVs from Trace B were in fact more comparable to those of Trace 
D, not revealing a trend with irregularity in breathing pattern. Cone-beam CT ITVs were auto-
threshold contoured using various optimised window/level settings based on the anterior-
posterior dimensions of the moving small, medium, and large lesions. The results of CBCT 
ITVs were therefore relative to the window/level settings used, which can be found in Table 
2.5. Figure 3.6 shows the measured CBCT ITVs compared to the known ITVs for the small, 
medium, and large lesions moved 0cm, 1cm, 2cm, and 4cm with the 4 computer-generated 
breathing patterns. The differences in CBCT ITVs compared to the known ITVs are displayed 
in both absolute volume (cc) (plots a)-c)) and relative volume (%) (plots d)-f)). The dotted 
horizontal lines at 0 cc and 0 %, again, represent the known ITV values.  
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Figure 3.6 The effect of motion on CBCT ITV compared to known ITV for small, medium, and large lesions 
moved 0cm, 1cm, 2cm, and 4cm with the 4 computer-generated breathing patterns; Trace A, Trace B, Trace C, 
and Trace D. Plots a), b), and c) illustrate the absolute volume change in ITV (cc), and plots d), e), and f) 
illustrate the change in ITV as a percentage difference (%). 
 
Figure 3.6 shows that the CBCT ITVs were smaller than the known ITVs for all lesion sizes 
irrespective of breathing trace and amplitude. There was not a distinct trend in reduction of 
CBCT ITV with increasing amplitude as was evident in the 4DCT MIP ITV data; however, 
this is related to the various window/level settings used to auto-threshold contour CBCT ITVs 
of moving objects when only one window/level setting was required to contour 4DCT MIP 
ITVs. The relative change in ITV did not trend with lesion size with discrepancies as low as 
30% for both the small and large lesions. Trace A (sinusoidal motion) showed the smallest 
reductions in 4DCT MIP ITVs when motion was introduced, particularly for the medium and 
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large lesions. For the small lesion Trace D resulted in a significant reduction in CBCT ITV 
compared to the 3 other traces, while for the medium and large lesions the 3 irregular 
breathing patterns reduced the CBCT ITV by approximately the same amount.  
Evaluating the visual effect on CBCT ITVs for the small lesion moved 2 cm with 
Trace D gave interesting results that prompted the re-imaging of this configuration using 
different breath lengths. Figure 3.7 shows the 4DCT MIP and CBCT ITVs measured as a 
result of varying the breath length, compared to the known ITV represented by the horizontal 
dashed line at 0 cc.  
 
 
Figure 3.7 Effect of varying breath length on 4DCT MIP and CBCT ITVs 
for the small lesion moved 2 cm with Trace D. The error bar represents the 
error analysis conducted only for CBCT of the small lesion moved 2 cm 
with a 4 second-long Trace D pattern. 
 
Figure 3.7 suggests that the 4DCT MIP ITVs were closer to the known ITV as breath length 
increased, though such a trend was not seen in the CBCT ITV data given the anomalous 2 
second cycle measurement. What is evident in Figure 3.7 is that both 4DCT MIP and CBCT 
ITVs were always smaller than the known ITVs, and CBCT ITVs were consistently smaller 
than the 4DCT MIP ITVs. 
 To get an idea of the error involved in CBCT ITV measurements one phantom 
configuration was selected for repeated imaging and analysis. The phantom configuration 
selected involved the small lesion moved 1 cm, 2 cm, and 4 cm with 4 second-long Trace D 
as this trace gave interesting results and the lesion size was clinically relevant given 4 of the 6 
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SBRT lung patients had tumours similar to this volume. Table 3.2 lists the CBCT ITVs 
measured on the repeat images, the differences from the known ITV, the average difference 
and the error in ITV values. Figure 3.7 includes an error bar of the measured standard 
deviation on the point representing the CBCT volume difference for the small lesion moved 
2cm on a 4 second-long Trace D pattern. Error bars do not appear on other points as it was not 
done for 4DCT nor was it done for other amplitudes or breath lengths.   
 
Table 3.2 CBCT ITVs for the small lesion moved with Trace D (4 second period); repeated 
for error analysis. The difference between the CBCT ITVs and the known ITVs are expressed 
in relative volume (%), the averages ITV values and errors in ITV value are listed. 
Amplitude 
(cm) 
Known ITV 
(cc) 
CBCT ITV 
(cc) 
Diff 
(%) 
Avg Diff 
(%) 
Error 
(±%) 
3.46 -30 
3.61 -26 1 4.90 
3.57 -27 
-28 1.6 
5.35 -25 
5.78 -19 2 7.15 
5.60 -22 
-22 3.0 
8.45 -27 
9.16 -21 4 11.65 
8.87 -24 
-24 3.1 
 
 
The values listed in Table 3.2 show that the measured CBCT ITVs were all relatively close to 
each other even though the images were acquired on different days, hence with different 
phantom setups. The errors in ITV values increased with amplitude though were relatively 
small given the large percentage differences from the known ITVs. Table 3.2 reinforces that 
there was no trend with increasing amplitude and measured CBCT ITV, again related to the 
optimised window/level settings used.  
 
3.2.2 SBRT lung patient breathing patterns 
Lesions were moved with breathing patterns, lesion sizes, breath lengths, and 
amplitudes that matched as closely as possible to those of 6 SBRT lung patients. This was 
done to have a basis of comparison to the ITVs as measured in the patients clinical 4DCT 
MIP and CBCT images, as is compared in Chapter 3.5. Table 3.3 lists the measured 4DCT 
MIP and CBCT ITVs of the phantom moved with the 6 SBRT lung patient breathing patterns. 
The 4DCT MIP and CBCT ITVs were compared to the known ITVs and the differences are 
expressed in absolute volume (cc) as well as relative volume (%). For comparison to clinical 
patient data where there is no ‘known ITV’ and 4DCT MIP ITVs would be the gold standard 
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in these cases, here the CBCT ITVs were also compared to the 4DCT MIP ITVs with the 
differences expressed in relative terms (%) and listed in the rightmost column of Table 3.3.  
 
Table 3.3 4DCT MIP and CBCT ITVs of lesions moved with the 6 SBRT lung patient breathing traces 
compared to the known ITVs. 
4DCT CBCT 
Amp Breath length 
Known 
ITV Meas. 
ITV Difference 
Meas. 
ITV Difference 
CBCT 
vs 
4DCT 
Patient 
Trace 
Insert 
size 
(mm) (s) (cc) (cc) (cc) (%) (cc) (cc) (%) (%) 
1 medium 4.5 4.6 25.26 22.69 -2.57 -10 23.17 -2.09 -8 2 
2 small 3.5 2.7 3.44 3.09 -0.35 -10 3.01 -0.43 -13 -3 
3 medium 4.5 4.6 25.26 23.93 -1.33 -5 23.00 -2.26 -9 -4 
4 small 6.5 2.7 4.11 3.33 -0.79 -19 3.06 -1.05 -26 -8 
5 small 6.0 4.0 4.00 3.38 -0.62 -15 3.09 -0.91 -23 -9 
6 small 9.0 4.0 4.68 4.14 -0.53 -11 3.23 -1.44 -31 -22 
 
 
The results in Table 3.3 show that the 4DCT MIP and CBCT ITVs were always 
smaller than the known ITVs. For 4DCT MIPs the small lesion ITVs were reduced by up to 
20% while on CBCT the small lesion ITVs were reduced by up 30%. The medium lesion with 
a larger relative volume did not fare as badly with maximum reductions of both 4DCT MIP 
and CBCT ITVs of approximately 10%. The results also show that there was no trend with 
breath cycle length and ITV differences for both 4DCT MIP and CBCT imaging. Figure 3.8 
was generated to determine whether there was a trend with ITV differences and amplitude. 
The measurement points are identified by the patient trace number and whether the small or 
medium lesion was imaged.  
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Figure 3.8 Reduction in 4DCT MIP and CBCT ITVs compared to known ITVs for small 
and medium lesions moved with SBRT lung patient breathing patterns. 
 
Figure 3.8 reinforces the findings in Table 3.3 that in all cases of lesions moved with patient 
breathing traces the 4DCT MIP and CBCT ITVs were less than the known ITV (the 0 cc line). 
Furthermore, in all cases but one the CBCT ITV was less than the 4DCT MIP ITV. For the 
small lesion CBCT ITVs showed a distinctly decreasing trend with amplitude though this 
trend was not evident for the medium lesion since the two motions had the same maximum 
amplitudes. For reductions in 4DCT MIP ITVs there was a slight trend with increasing 
amplitude though further investigations with larger amplitudes would be required before 
drawing such a conclusion. Even though the amplitudes and breath lengths were identical for 
the medium lesion moved with patient traces the best agreement between measured 4DCT 
MIP ITV and known ITV was from Patient 3’s pattern while the worst agreement was from 
that of Patient 1. This was further investigated and it can be seen from the patient traces 
produced on the phantom (Figure 2.6) that the pattern from Patient 3 displayed peaks that 
roughly correlated to the same amplitude while Patient 1’s pattern had one peak that was 
significantly lower in amplitude than the rest. Patient trace 1 had more variability in motion 
amplitude and could be the reason for the larger disagreement between 4DCT MIP ITV and 
the known ITV. For the small lesion the same trend was found. The best agreement between 
measured 4DCT MIP ITV and known ITV was from Patient 2’s pattern while the worst 
agreement from that of Patient 4. Again the patient traces on the phantom in Figure 2.6 
showed that the pattern from Patient 2 had one peak amplitude that was significantly lower 
than the rest while the pattern from Patient 4 had several peaks that were lower than the rest 
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as well as a significant drift in a trough around the 115 second mark. These results for the 
small and medium lesions showed that the more variable the amplitudes of motion, the less 
accurately 4DCT MIP images could reconstruct the correct ITV. The reductions of 4DCT 
MIP ITV were worse for breathing patterns that moved the lesion with variable amplitudes, as 
in patient traces, than for breathing patterns that moved the lesion with constant amplitudes, 
as in Traces A-D. Though only a small lesion moved by 1 cm is common to both, constant 
motion amplitudes led to reductions of 4DCT MIP ITVs by less than 0.2cc (Figure 3.5 a), 
while variable amplitudes led to a reduction of 4DCT MIP ITV of close to 0.5cc (Figure 3.8). 
Reasons for this result are further explored in the Discussion chapter. 
Raw values for 4DCT MIP ITV and CBCT ITV were good for illustrating the 
reconstructing ability of the imaging systems when motion was introduced, however, they did 
not identify where along its pathway the lesion was being missed. The lengths of the ITVs in 
the coronal plane were measured to determine how accurately the imaging systems picked up 
the extremes of motion and whether volume was being lost at the extremes. The results of 
these measurements are reported in the following section. 
 
3.3 Effect of motion on 4DCT MIP and CBCT ITV lengths 
The lengths of all 4DCT MIP and CBCT ITVs were measured along a central coronal 
plane in the superior-inferior direction to determine if the loss of volumes reported in the 
previous section were occurring at the extremes. The ‘known lengths’ are the gold standards 
against which all comparisons for phantom measurements are based. The known lengths are 
the distance an object of certain dimension moves by a given peak to peak amplitude. As 
mentioned previously in Chapter 3.1.1 the window/level settings were optimised based on the 
known dimensions of the stationary lesions, also the slice thicknesses used were 3 mm for 
4DCT and 2.5 mm for CBCT. Table 3.4 lists the superior-inferior lengths of the lesions 
measured in auto-threshold contouring for both 4DCT and CBCT.  
 
 56 
Table 3.4 Superior-inferior ITV lengths of stationary lesions on 4DCT MIP and CBCT images 
compared to known ITV lengths. 
Length of ITV 
Lesion size 
Actual 
ITV 
length 
(mm) 
4DCT 
(mm) 
Diff 
from 
actual 
(mm) 
CBCT 
(mm) 
Diff 
from 
actual 
(mm) 
small 15.0 15.3 0.3 15.1 0.1 
medium 30.0 30.8 0.8 30.1 0.1 
large 40.0 40.8 0.8 40.7 0.7 
 
 
Table 3.4 shows that the lengths of the ITVs for the stationary lesions on both 4DCT MIP and 
CBCT images were within 0.8 mm, further reinforcing the appropriate choice of 
window/level settings used for auto-threshold contouring. 
 
3.3.1 Computer-generated breathing patterns 
Figure 3.9 shows the measured ITV lengths compared to the known ITV lengths for 
the small, medium, and large lesions moved 0cm, 1cm, 2cm, and 4cm with the 4 computer-
generated breathing patterns. Plots a)-c) illustrate the changes in ITV length for 4DCT MIP 
ITVs while plots d)-f) display the changes in ITV length for CBCT ITVs. The dotted 
horizontal lines at 0 mm represent the known ITV lengths.  
 
 57 
small
Ch
an
ge
 
in
 
IT
V 
le
n
gt
h 
(m
m
)
-12
-10
-8
-6
-4
-2
0
2
Trace A
Trace B
Trace C
Trace D
medium
Ch
an
ge
 
in
 
IT
V 
le
n
gt
h 
(m
m
)
-12
-10
-8
-6
-4
-2
0
2
large
Amplitude (cm)
0 1 2 3 4 5
Ch
an
ge
 
in
 
IT
V 
le
n
gt
h 
(m
m
)
-12
-10
-8
-6
-4
-2
0
2
4DCT
small
Ch
an
ge
 
in
 
IT
V 
le
n
gt
h 
(m
m
)
-12
-10
-8
-6
-4
-2
0
2
medium
Ch
an
ge
 
in
 
IT
V 
le
n
gt
h 
(m
m
)
-12
-10
-8
-6
-4
-2
0
2
large
Amplitude (cm)
0 1 2 3 4 5
Ch
an
ge
 
in
 
IT
V 
le
n
gt
h 
(m
m
)
-12
-10
-8
-6
-4
-2
0
2
CBCT
a)
b)
c)
d)
e)
f)
 
Figure 3.9 The effect of motion on ITV lengths compared to known ITV lengths for small, medium, and large 
lesions moved 0cm, 1cm, 2cm, and 4cm with the 4 computer-generated breathing patterns; Trace A, Trace B, 
Trace C, and Trace D. Plots a), b), and c) illustrate the change in ITV length for 4DCT MIP ITVs while plots d), 
e), and f) illustrate the change in ITV length for CBCT ITVs. All plots share the same y-axes scaling for 
comparison. 
 
Figure 3.9 shows that compared to the initial volumes of stationary lesions, 4DCT MIP and 
CBCT ITV lengths of moving targets were smaller for all lesion sizes irrespective of 
breathing trace and amplitude. There was a distinct trend in shortening of 4DCT MIP ITV 
lengths from known ITV lengths with increasing amplitude as is evident in plots a)-c). 
Though the same trend was not evident for CBCT the shortening of CBCT ITV lengths was 
worse than measured on 4DCT MIP ITVs. It is evident in all plots in Figure 3.9 that Trace A 
(sinusoidal motion) resulted in the best agreements to known ITV lengths for all lesion sizes 
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and amplitudes of motion. For the largest amplitude of 4 cm the sinusoidal 4DCT MIP ITV 
length was shortened by only 2.7 mm compared to 4DCT MIP ITV lengths shortened by 7.1 
mm, 5.8 mm, and 6.1 mm for Traces B, C, and D, respectively. The CBCT ITV length for the 
largest amplitude on sinusoidal motion was shortened by only 5.6 mm while Traces B, C, and 
D shortened the CBCT ITV lengths by 9.9 mm, 9.5 mm, and 8.6 mm, respectively. The 
patterns of 4DCT MIP ITV length shortening in Figure 3.9 (plots a)-c)) followed the same 
patterns of 4DCT MIP ITV reduction in Figure 3.5 suggesting the reduction in 4DCT MIP 
ITVs was caused by the shortened ITV lengths. Furthermore the patterns of CBCT ITV length 
shortening in Figure 3.9 (plots d)-f)) also followed the same patterns of CBCT ITV reduction 
in Figure 3.6 suggesting the reduction in CBCT ITVs was caused by the shortened ITV 
lengths. Both 4DCT MIP and CBCT imaging were unable to capture the extremes of motion 
accurately resulting in shortened ITV lengths and hence reduced ITVs.  
 The ITV lengths were also measured for the re-imaged phantom configuration 
involving the small lesion moved with Trace D using a variety of breath cycle lengths. The 
results of these measurements are listed in Table 3.5.  
 
Table 3.5 Measured 4DCT MIP and CBCT ITV lengths of the small lesion moved 2 cm with Trace D on a 
variety of breath cycle lengths. 
Length of ITV Breath length 
(s) 
Actual ITV length 
(mm) 4DCT (mm) % diff CBCT ITV (mm) % diff 
2 3.50 3.32 -5% 3.02 -16% 
4 3.50 3.17 -10% 2.99 -17% 
6 3.50 3.45 -1% 3.18 -10% 
10 3.50 3.37 -4% 3.05 -15% 
 
 
The table above shows that there was no trend in length of ITV with breath length for either 
4DCT MIP or CBCT imaging. What is discernible is the CBCT ITV lengths were consistently 
shorter than the 4DCT MIP ITV lengths, and followed the same pattern of 4DCT MIP ITV 
shortening.  
 
3.3.2 SBRT lung patient breathing patterns 
Figure 3.10 (left) shows the measured ITV lengths compared to the known ITV 
lengths for the small and medium lesions moved with the 6 SBRT lung patient breathing 
patterns. The small lesion was moved with traces from Patients 2, 4, 5, and 6, the medium 
lesion was moved with traces from Patient 1 and 3. The corresponding 4DCT and CBCT 
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measurement points are linked and identified by the patient trace with which the lesion was 
moved. The 0 mm line represents the known ITV lengths.  
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Figure 3.10 Left: change in ITV length as a function of amplitude for the small and medium lesions moved 
with 6 SBRT lung patient breathing patterns. Measurement points are identified by the patient breathing trace 
used. Right: difference in ITV length when CBCT ITVs are compared directly to 4DCT MIP ITVs.  
 
Figure 3.10 (left) also shows that in all cases of the phantom moved with patient breathing 
traces the 4DCT MIP ITVs and CBCT ITVs were less than the known ITVs (the 0 mm line). 
The CBCT ITV was less than the 4DCT MIP ITV in all cases for the small & medium 
lesions. There was a distinct trend in shortening of CBCT ITV lengths with increasing 
amplitude, and although this trend was not as distinct in 4DCT MIP ITV lengths there was 
nevertheless a tendency of 4DCT MIP ITV lengths to shorten with increasing amplitude. The 
distance between the 4DCT and CBCT points in Figure 3.10 (left) increased with increasing 
amplitude suggesting CBCT was not as accurate at reconstructing the extremes of motion as 
4DCT MIP imaging was. In fact when the CBCT ITV length is compared directly to 4DCT 
MIP ITV length as in Figure 3.10 (right) then it is obvious that there is a trend for CBCT 
ITVs to be less capable of reconstructing the same volume as the 4DCT MIP ITV as 
amplitude increases. This is a clinically relevant comparison because with patient images 
there is no ‘known ITV’ and the 4DCT MIP ITV becomes the gold standard. The largest 
discrepancy in ITV length for 4DCT MIP was 2.6 mm while for CBCT it was 6.6 mm. The 
largest discrepancy of CBCT ITV length was from Patient 6 that was moved with the largest 
maximum amplitude of 9.0 mm. In this example over a quarter of the length of the known 
ITV, and a value nearly that of the amplitude itself, was not captured by CBCT when the 
lesion did not always travel to the extremes. The patterns of shortening ITV length for both 
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4DCT MIP and CBCT images in Figure 3.10 (left) followed the same patterns of reduced ITV 
seen in Figure 3.8. This indicates that volumes at the extremes of motion were not being 
accurately reconstructed by either 4DCT MIP or CBCT when the extremes of motion were 
not always reached, with CBCT being the least accurate in this respect. 
 
3.4 Effect of motion on CBCT alignment with 4DCT MIP ITV contours 
The preceding sections have reported on reduced ITVs and shortened ITV lengths that 
could have an impact on the alignment of the CBCT to the 4DCT MIP ITV contour. The 
alignment aspect of the project involved the subjective ‘best fit’ centre-to-centre alignment of 
the CBCT ITV inside the 4DCT MIP ITV contour, precisely how the radiation therapist 
would conduct patient alignment on treatment day. The tables below list the shifts required to 
move the CBCT image relative to the 4DCT MIP image in Focal. In the right-left (RL) 
direction a positive shift moves the CBCT to the left of the 4DCT MIP. In the superior-
inferior (SI) direction a positive shift moves the CBCT superior to the 4DCT MIP. In the 
anterior-posterior (AP) direction a positive shift moves the CBCT anterior to the 4DCT MIP. 
The shifts presented in the tables below list submillimeter values to provide the reader with an 
impression of the order of magnitude and direction of any shifts. The resulting shifts required 
to align stationary lesions on CBCT to 4DCT MIP ITV contours are presented in Table 3.6.  
 
Table 3.6 Required translational shifts to align stationary lesions on 
CBCT to 4DCT MIP ITV contours. 
Insert size RL (mm) SI (mm) AP (mm) 
small -0.4 0.0 -0.5 
medium -0.8 -1.2 1.0 
large 0.0 -1.5 0.0 
 
 
Since the motion of the phantom was limited along the SI-axis the SI shifts were of particular 
interest for analysing the translational shifts required. Shifts required of the lesions in the RL 
and AP directions were attributed to the wooden inserts being slightly smaller than the 
phantom cavity, allowing for small setup errors in the RL and AP directions from imaging the 
phantom on different days. The SI direction was not subject to any such setup errors since the 
insert was magnetically attached to the adjustable amplitude scale at the same position each 
time and the amplitude scale motion was centred on a fixed position. The results above show 
that the translational shifts for the stationary lesions were all less than 1.5 mm with the largest 
SI shifts being 1.5 mm for the largest lesion.  
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3.4.1 Computer-generated breathing patterns 
The CBCT ITVs of lesions moved with the 4 computer-generated breathing patterns 
were visually aligned to the 4DCT MIP ITV contours. Due to the blurry extremes on the 
CBCT ITVs, particularly from Traces A, B, and C, the alignments were done by visually 
aligning the high-contrast central region to the centre of the 4DCT MIP ITV ensuring that the 
MIP ITV contour fully encompassed the CBCT ITV. This is essentially the same centre-to-
centre alignment that radiation therapists would during patient alignment. The shifts required 
to align lesions moved with Trace A, B, C, and D are listed in Table 3.7, Table 3.8, Table 3.9, 
and Table 3.10, respectively.  
 
Table 3.7 Required translational shifts to align lesions moved with Trace A. 
Insert size Amplitude (cm) 
Shift RL 
(mm) 
Shift SI 
(mm) 
Shift AP 
(mm) 
small 1 -0.1 -0.9 1.5 
 2 0.2 -0.6 0.6 
 4 -0.4 -0.4 0.1 
medium 1 -1.9 0.0 0.6 
 2 -1.6 0.0 0.8 
 4 -0.7 -0.8 0.7 
large 1 -0.2 0.1 0.1 
 2 -0.5 -0.5 0.0 
 4 -0.1 -0.4 -0.1 
 
 
The values listed in Table 3.7 show that to align lesions moved with Trace A (sinusoidal 
motion) a maximum overall translational shift of 1.9 mm was required but in the axis of 
motion the largest shift required was 0.9 mm. There were no trends with amplitude or lesion 
size. 
 
Table 3.8 Required translational shifts to align lesions moved with Trace B. 
Insert size Amplitude (cm) 
Shift RL 
(mm) 
Shift SI 
(mm) 
Shift AP 
(mm) 
small 1 -1.3 0.9 1.8 
 2 -1.5 -1.2 1.3 
 4 -1.5 0.7 1.4 
medium 1 -1.8 -1.5 0.8 
 2 -1.6 -0.8 0.0 
 4 -0.5 -2.2 1.0 
large 1 -1.1 2.1 1.3 
 2 -1.9 -0.8 1.4 
 4 -2.5 0.2 1.5 
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The values listed in Table 3.8 show that to align lesions moved with Trace B a maximum 
overall translational shift of 2.5 mm was required with a maximum shift of 2.2 mm required 
in the axis of motion. Again, there were no trends with lesion size or amplitude.  
 
Table 3.9 Required translational shifts to align lesions moved with Trace C. 
Insert size Amplitude (cm) 
Shift RL 
(mm) 
Shift SI 
(mm) 
Shift AP 
(mm) 
small 1 -1.7 0.0 1.3 
 2 -1.6 0.0 1.2 
 4 -1.9 0.1 1.5 
medium 1 -1.7 -1.1 0.8 
 2 -0.2 0.0 0.9 
 4 -1.2 -1.1 0.8 
large 1 -0.2 0.3 1.1 
 2 -1.7 0.0 1.1 
 4 -1.2 -0.2 1.3 
 
 
The values listed in Table 3.9 show that to align lesions moved with Trace C a maximum 
overall translational shift of 1.9 mm was required with a maximum shift of 1.1 mm required 
in the axis of motion. There were once again no trends with lesion size or amplitude. 
For Trace D it was difficult to conduct a subjective centre-to-centre alignment of the 
CBCT ITVs compared to the other traces that gave a high CT contrast at the centre of motion. 
This was because Trace D shifted the high CT contrast region away from the centre of motion 
and gave a superior edge to the lesion that was an attractive surrogate of ITV edge to use for 
alignment. Even though there was an inferior edge that was blurry I knew the exact amplitude 
of the simple geometric lesion and this made it tempting to include the blurry edge knowing 
that the lesion did travel there. This would not reflect the clinical reality where an irregularly 
shaped lesion moves with amplitudes that cannot be known during CBCT imaging using only 
external markers for motion. The centre-to-centre alignment of the visible CBCT ITV to the 
4DCT MIP ITV contour for lesions moved with Trace D was therefore calculated based on 
the centrepoint of the CBCT ITV compared to the centrepoint of the 4DCT MIP ITV contour, 
both in the central coronal plane of the lesion. Table 3.10 lists the SI-shifts required to match 
the centrepoint of the CBCT ITV to the centrepoint of the 4DCT MIP ITV contour for the 3 
lesions moved with Trace D. The same convention applied where a positive SI-shift meant 
that the CBCT ITV centre was inferior to the 4DCT MIP ITV centre and needed shifting in 
the superior direction. Table 3.10 also lists the shifts required to align CBCT and 4DCT MIP 
ITVs from sinusoidal motion, the shifts required to align CBCT ITVs from Trace D to 4DCT 
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MIP ITVs from sinusoidal motion, as well as comparing the shifts in centrepoints of CBCT 
ITVs from Trace D compared to those from sinusoidal motion. 
 
Table 3.10 SI-shifts required to match various CBCT ITV centres to various 4DCT MIP ITV centres, as well as 
matching CBCT ITV centres from Trace D to those from Trace A. 
Lesion 
Size 
 
 
Amplitude 
(cm) 
CBCT Trace D 
vs 
4DCT Trace D 
(mm) 
CBCT Sine 
vs 
4DCT Sine 
(mm) 
CBCT Trace D 
vs 
4DCT Sine 
(mm) 
CBCT Trace D 
vs 
CBCT Sine 
(mm) 
small 1 -1.5 -0.2 -1.5 -1.3 
 2 -1.2 1.2 0.3 -0.9 
 4 -1.2 -0.3 -2.9 -2.6 
medium 1 0.6 -1.3 -2.6 -1.3 
 2 -0.9 0.3 -2.3 -2.7 
 4 -2.3 0.2 -1.0 -1.2 
large 1 -2.5 -0.0 -2.5 -2.4 
 2 -1.1 0.1 -2.4 -2.5 
 4 -2.1 -0.1 -3.7 -3.6 
 
 
The first column of results in Table 3.10 lists the SI-shifts required to match the centre of 
Trace D CBCT ITVs to the centre of Trace D 4DCT MIP ITVs. The results show that the 
CBCT ITV centre was in all cases but one superior to the 4DCT MIP ITV centre and the 
superior shifts ranged from 0.9 to 2.5 mm. The second column lists the SI-shifts required to 
match the centre of CBCT ITVs from sinusoidal motion to the centre of 4DCT MIP ITVs 
from sinusoidal motion. This was done as a basis of comparison to the shifts required of 
CBCT and 4DCT MIP ITVs from Trace D. Comparing the values in the second column to 
those in the first it can be seen that smaller shifts are required to align the centrepoints of 
CBCT and 4DCT MIP ITVs from sinusoidal motion than of CBCT and 4DCT MIP ITVs 
from Trace D. As the centre of 4DCT MIP ITVs from sinusoidal motion may better represent 
the centre of motion, the Trace D CBCT ITV centres were compared to those of the sinusoidal 
4DCT MIP ITVs and these results are in the third column of Table 3.10. In all cases but one 
the centrepoints of Trace D CBCT ITVs were superior to the sinusoidal 4DCT MIP ITV 
centres with required shifts ranging from 0.3 to 3.7 mm. These results show that Trace D 
4DCT MIP ITV centres roughly correlate to the centre of 4DCT MIP ITVs from sinusoidal 
motion, but if 4DCT MIP ITVs from sinusoidal motion present a more accurate centre of 
motion then the Trace D CBCT ITV centres can be significantly shifted in the superior 
direction. The fourth column in Table 3.10 lists the shifts required to match the CBCT ITVs 
from Trace D to those from sinusoidal motion and given that they are all negative this shows 
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that Trace D causes a superior shift in the centrepoint of the CBCT ITV away from the centre 
of motion.  
 A subjective visual alignment was still carried out for lesions moved with Trace D, 
however, this involved an edge-to-edge alignment using the sharper superior edge of the 
CBCT ITV. The results from the edge-to-edge alignments for lesions moved with Trace D are 
listed in Table 3.11.  
 
Table 3.11 Required translational shifts to visually align lesions moved with 
Trace D using an edge-to-edge technique. 
Insert size Amplitude (cm) 
Shift RL 
(mm) 
Shift SI 
(mm) 
Shift AP 
(mm) 
small 1 -1.7 -1.2 1.3 
 2 -1.3 0.0 1.5 
 4 -1.5 0.2 1.7 
medium 1 -1.0 -1.0 0.9 
 2 -0.6 -0.4 0.6 
 4 -0.8 -1.5 0.9 
large 1 -1.5 -1.1 1.4 
 2 -1.6 -0.2 1.8 
 4 -1.8 0.0 1.2 
 
 
 
The values listed in Table 3.11 show that to visually align lesions moved with Trace D a 
maximum overall translational shift of 1.8 mm was required with a maximum shift of 1.5 mm 
required in the axis of motion. There were once again no trends with lesion size or amplitude. 
Comparing the SI shifts in Table 3.11 to the values in the first column of Table 3.10 the edge-
to-edge alignments showed a better agreement in superior-inferior shifts than the centre-to-
centre alignments.  
The measured translational shifts for the 4 computer-generated breathing patterns did 
not trend with lesion size or amplitude; however there was a trend with breathing pattern. The 
smallest SI-shifts were measured for regular sinusoidal motion (Trace A) while the largest SI-
shifts were required for the most irregular pattern, Trace D. Trace A SI-shifts were at most 0.9 
mm while Trace D shifts were up to 2.5 mm when objectively aligned with Trace D 4DCT 
MIP ITVs, and up to 3.7 mm when objectively aligned with sinusoidal 4DCT MIP ITVs. 
Trace B and C fell in between these two with maximum SI-shifts of 2.2 mm and 1.1 mm, 
respectively. The shifts for Trace D lesions were reduced to at most 1.5 mm when edge-to-
edge alignment was done instead of centre-to-centre alignment.  
 The CBCT ITVs from the re-imaged phantom configuration of the small lesion moved 
with Trace D using a variety of breath lengths was also aligned to their respective re-imaged 
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4DCT MIP ITVs. These ITVs were aligned using the visual edge-to-edge alignment as 
described above. The results of these alignments are listed in Table 3.12. 
 
Table 3.12 Required translational shifts to visually align lesions moved 
with Trace D using an edge-to-edge technique. 
Breath 
length (s) 
Shift RL 
(mm) 
Shift SI 
(mm) 
Shift AP 
(mm) 
2 -1.1 0.0 0.3 
4 -1.3 0.0 1.5 
6 -0.9 0.0 0.0 
10 -0.7 0.7 -2.5 
 
 
As can be seen from Table 3.12 there was no effect of breath cycle length on misalignment in 
the SI direction. What was clear was the edge-to-edge alignment method resulted in very 
small and insignificant misalignments. 
 
3.4.2 SBRT lung patient breathing patterns 
The CBCT ITVs of lesions moved with the 6 SBRT lung patient breathing patterns 
were visually aligned to their corresponding 4DCT MIP ITV contours. Table 3.13 lists the 
translational shifts required to align the small and medium lesions moved with patient traces.  
 
Table 3.13 Required translational shifts to visually align lesions moved with 6 SBRT lung patient 
breathing patterns. 
Patient 
Trace 
Insert 
size 
Amplitude 
(mm) 
Breath length 
(s) 
Shift RL 
(mm) 
Shift SI 
(mm) 
Shift AP 
(mm) 
1 medium 45 4.6 -1.4 -0.6 0.1 
2 small 35 2.7 -1.5 -0.6 0.2 
3 medium 45 4.6 -1.4 0.6 -0.2 
4 small 65 2.7 -1.4 -0.4 0.3 
5 small 60 4.0 -1.4 0.0 0.0 
6 small 90 4.0 -1.5 1.1 0.2 
 
 
There appeared to be a systematic shift in the RL direction that was found to be due to a 
lateral setup error to the isocentre of the lasers between CT and linac. For the alignment of 
lesions moved with the 6 SBRT lung patient patterns approximated on the phantom the 
greatest SI-shift was 1.1 mm and this related to the image referred to in the above section 
whose CBCT ITV length was shortened by the largest amount of 6.6 mm. There was no trend 
with patient breath length and misalignment though it was difficult to separate the effect of 
breath length when there were also different amplitudes and lesion sizes. 
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3.5 SBRT lung patient image analyses 
This project also compared the CBCT ITVs from 6 SBRT lung patients to their 4DCT 
MIP ITVs to note whether there were any trends with CBCT ITV and either initial 4DCT MIP 
ITV size, breath length, or peak to peak amplitude. In contrast to phantom motions where a 
known ITV can be calculated, patient images do not have a ‘known ITV’ and therefore the 
4DCT MIP ITV becomes the gold standard to which all CBCT ITVs are compared. The ITVs 
on 4DCT MIP and CBCT were contoured by Radiation Oncologists (ROs) and the values are 
listed in Table 3.14.  
 
Table 3.14 Measured 4DCT MIP and CBCT ITVs as contoured by ROs for 6 SBRT lung patients. Differences 
expressed in absolute volume (cc) and relative volume (%) relate to the CBCT ITV compared to the 4DCT MIP 
ITV. 
RO contoured 
ITV (cc) Difference Patient 
Tumour 
dimensions (mm) 
(RL x SI x AP) 
Breath 
length 
(s) 
Tumour 
amplitude 
(mm) 
4DCT CBCT (cc) (%) 
1 22 x 20 x 20 5.5 4.8 6.49 6.74 0.25 +4 
2 8 x 10 x 9 3.0 7.0 0.65 0.50 -0.15 -24 
3 25 x 20 x 20 6.0 6.2 5.22 5.03 -0.19 -4 
4 20 x 15 x 20 2.7 6.4 6.38 4.67 -1.71 -27 
5 13 x 12 x 12.5 4.0 6.0 3.03 2.15 -0.88 -29 
6 18 x 18 x 15 4.0 10.0 6.14 6.15 0.01 +1 
 
 
The table above shows that the differences in patient CBCT ITVs compared to patient 4DCT 
MIP ITVs ranged from +4 to -29%. An interesting finding from this analysis was that there 
was not always a reduction in CBCT ITV. In two cases there were slight increases in CBCT 
ITV compared to 4DCT MIP ITV by up to 4%. The remaining cases had reductions of CBCT 
ITV of up to 29%. There was no middle ground of agreement between CBCT ITV and 4DCT 
MIP ITV with half of the CBCT ITVs being within 4% of the 4DCT MIP ITVs while the 
remaining half were outside 24% of the 4DCT MIP ITV. If it followed from the phantom 
imaging that sinusoidal breathing traces resulted in the best agreement between measured ITV 
and known ITV, then patient breathing patterns with similar patterns should show the best 
agreements. The breathing trace from Patient 2, seen in Figure 2.7, would be the closest to a 
sinusoidal pattern though this has not resulted in the closest agreement between CBCT ITV 
and 4DCT MIP ITV. Possible reasons for this discrepancy are explored in the Discussion 
chapter. The results presented in Table 3.14 show that there were no trends in CBCT ITV and 
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initial 4DCT MIP ITV size, breath length, or tumour amplitude. The closest agreement 
between patient CBCT ITV and 4DCT MIP ITV was actually for the lesion moving with the 
largest amplitude.  
 The 6 SBRT lung patient breathing traces were replicated by the phantom and imaged 
using settings that patient images are also acquired with. This was to compare the findings of 
4DCT MIP ITV and CBCT ITV to those measured on the actual SBRT lung patient images 
presented in Table 3.14. The comparison of CBCT ITVs to 4DCT MIP ITVs for the phantom 
moved with 6 SBRT lung patient breathing traces, and the comparison of CBCT ITVs to 
4DCT MIP ITVs of the clinical SBRT lung patient images as contoured by ROs are plotted in 
Figure 3.11. 
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Figure 3.11 Comparing CBCT ITVs to 4DCT MIP ITVs as a function of amplitude for both the clinical SBRT 
lung patient images and the phantom moved with those SBRT lung patient breathing traces. 
 
Figure 3.11 shows that there was no correlation between the phantom measurements and the 
actual patient measurements. There was, however, a correlation between CBCT ITV and 
4DCT MIP ITVs as a function of amplitude for the phantom measurements when the volume 
difference was expressed in relative terms (%) as was noticed in Figure 3.10 (right) when 
these values were expressed in absolute terms (cc). Also, when comparing the phantom 
measurements of relative volume differences in Figure 3.11 for lesion amplitudes of 
approximately 1 cm they are in agreement if the same comparison was made between CBCT 
and 4DCT MIP ITVs relative volume differences in Figure 3.6 and Figure 3.5, respectively. 
The same trend of increasing volume difference as a function of amplitude was not evident in 
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the measurements for patient images as the volumes on CBCT and 4DCT MIPs seem 
unrelated.  
 
3.6 Summary of results 
The results outlined above have revealed that there were significant visual changes to 
the ITVs on 4DCT MIP and CBCT images when large peak to peak amplitudes and irregular 
motion patterns are used. The effect on 4DCT MIP was the appearance of banding artefacts, 
while CBCT ITVs became significantly reduced in contrast and shifts in contrast occurred for 
breathing patterns with rest periods following exhalation. The visual changes in ITV 
translated to volume changes in measured ITV values for both 4DCT MIP and CBCT 
imaging. Both imaging modalities resulted in reduced ITV values as a result of motion. By 
measuring ITV lengths for all CBCT and 4DCT MIP ITVs it was found that ITVs were 
reduced because volumes were being lost at the extremes of motion since the ITV lengths 
were all shortened as a result of motion. Some ITV lengths were shortened by significant 
amounts with CBCT more affected than 4DCT MIPs. Centre-to-centre alignments were 
appropriate for the lesions moved with Trace A, B, and C, and even for the 6 SBRT lung 
patient traces as these not have large amplitudes nor did they have rest periods following 
exhalation once the traces were processed by the phantom software. Misalignments of CBCT 
ITVs to their corresponding 4DCT MIP ITVs were significant for Trace D when centre-to-
centre alignments were conducted; however, these misalignments were almost eliminated 
when an edge-to-edge alignment was conducted. Overall, neither 4DCT MIP nor CBCT 
imaging could completely reconstruct the actual ITVs, particularly at the extremes of motion. 
Each investigation found that sinusoidal motion resulted in the best agreements with known 
values which further reinforced the importance of investigating non-sinusoidal motion and its 
effect on 4DCT MIP and CBCT ITVs. The findings outlined above will be further explored 
and related to findings in the literature in the following Discussion chapter. 
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4 CHAPTER 4: DISCUSSION 
 
The following Discussion chapter opens with a summary of key points that have been 
addressed in the previous chapters. Detailed findings from the Results chapter and their 
relationship to published results are then explored. A discussion on each effect is separated 
into the following sections: the qualitative effect of motion on 4DCT MIP and CBCT 
volumes, the quantitative effect of motion on 4DCT MIP and CBCT volumes, the effect of 
motion on 4DCT MIP and CBCT ITV lengths, and the effect of motion on CBCT alignment 
with 4DCT MIP ITV contours. The various limitations of this study are outlined, and clarify 
the context in which the subsequent section on clinical recommendations should be 
interpreted.  
 
4.1 Summary of key points  
The aim of this research project was to investigate the effect that regular and irregular 
breathing patterns had on target volumes seen in 4DCT MIP and CBCT images in the context 
of stereotactic lung radiotherapy. Of particular interest was whether any significant qualitative 
and quantitative changes occurred in the volumes measured on 4DCT MIP and CBCT images 
that would result in errors in ITV contouring or patient alignment. For simplicity the term ITV 
is used to describe the volume in which the target moved during 4DCT and CBCT imaging. 
This research project quantified ITVs, ITV lengths, and aligned CBCT ITVs to 4DCT MIP 
ITV contours acquired of a clinically realistic moving phantom. To date, only sinusoidal 
patterns of motion have been used to quantify the volumetric effect on CBCT ITVs (Song et 
al. 2009; Wang, Z et al. 2007) and the 3D alignment of CBCT ITVs to 4DCT MIP ITVs has 
not been reported for irregular breathing patterns. Irregular breathing patterns on a phantom 
have previously been used to quantify moving lesions on CBCT and 4DCT images, however, 
CBCT investigations were limited to a 2-dimensional analysis (Vergalasova, Maurer & Yin 
2011) and the volumetric effect was only extended to 4DCT ITVs (Noel & Parikh 2011). 
Contouring ITVs on volumetric 4DCT images and using volumetric CBCTs for image 
guidance is a 3D problem and as such requires being quantified in 3D. 
By imaging various moving phantom configurations it was found that sinusoidal 
breathing patterns gave the best agreements in all parameters measured including comparisons 
to known ITVs and known ITV lengths, and alignments for both CBCT ITVs and 4DCT MIP 
ITVs. This finding highlights the importance of quantifying the effect that more clinically 
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relevant breathing patterns have on the ability of 4DCT MIP and CBCT imaging to accurately 
capture a moving target. 
When regular and irregular motion was introduced both 4DCT MIP and CBCT ITVs 
experienced reductions in volume and shortening of ITV lengths with CBCT faring the worst 
in all aspects due to the inferior soft-tissue contrast compared to 4DCT MIPs, and the even 
greater loss of contrast with motion compared to 4DCT MIP images. A smaller 4DCT MIP 
ITV than the known ITV would result in inaccurate tumour contouring for radiotherapy 
planning, and a smaller CBCT ITV than the known ITV would result, in some cases, in a 
misalignment to the 4DCT MIP ITV and inaccurate radiotherapy delivery to the target. 
 Four computer-generated patterns of motion were studied and it was lesions that were 
moved with Trace D involving a rest period following expiration that revealed two interesting 
findings. Firstly, the superior extreme of motion gave an ITV edge that was more clearly 
visible on CBCT compared to the inferior extreme of motion which was blurry and in some 
cases missing. Secondly, there was a shift of the centre of the most visible part of the ITV 
away from the centre of motion, particularly for smaller lesions moving with large peak to 
peak amplitudes. This meant that if the therapist matched a CBCT image that had one blurry 
or missing edge to the centre of the 4DCT MIP ITV, then this could result in a misalignment 
of SBRT lung patients exhibiting breathing patterns with rest periods similar to those 
investigated in this study. This was supported by the calculated shifts of Trace D CBCT ITV 
centres compared to those from Trace A (sinusoidal motion) away from the centre of motion 
which was always in the superior direction. For this reason the alignments of CBCT images to 
4DCT MIP ITV contours from Trace D were done using the sharper superior edge of the 
CBCT lesion resulting in more acceptable shifts in alignment. This means that the patient’s 
breathing trace is an additional tool that could be used for more accurate patient alignment. 
This significant outcome is explored in more detail in the following sections. The materials, 
methods, and forms of analyses used in this project were selected and conducted with utmost 
consideration for clinical relevance, and improved on previous studies aimed at answering the 
question of how CBCT images are affected by motion and how appropriate it is to align these 
images to a 4DCT MIP ITV. The sections below present a detailed discussion from various 
aspects of this project. 
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4.2 Detailed findings and related published results 
This project reports on the effects that breathing pattern, lesion size, peak to peak 
amplitude, and in some cases breath length had on the ITVs for various sized lesions in 
phantoms. It also assessed the ability of 4DCT MIP and CBCT imaging to reproduce the 
superior-inferior ITV lengths and the accuracy in alignment of CBCT images to their 
respective 4DCT MIP ITVs. Clinical SBRT lung patient images were also examined by 
comparing their CBCT ITVs to their 4DCT MIP ITVs. The results of the effect of motion on 
the visible ITV, ITV values, ITV lengths, and ITV alignments are explored in detail below. 
The results are compared to results from related publications and their clinical significance is 
highlighted. 
 
4.2.1 Qualitative effect of motion on 4DCT MIP and CBCT volumes 
An initial assessment of the appearance of the 4DCT MIP and CBCT ITVs of moving 
phantom lesions revealed some interesting findings (Figure 3.1 - Figure 3.4). The coronal 
plane of the 4DCT MIP images revealed motion artefacts for a number of the phantom 
motions, particularly the instances of the small lesion moving with amplitudes larger than 2 
cm. Such banding and blurring artefacts in 4DCT MIP images from sinusoidal and irregular 
motion have been reported in the literature (Keall et al. 2004; Park et al. 2009; Watkins 2010). 
Causes for such artefacts can be attributed to objects such as the diaphragm and the lesion 
moving with large displacements, and variability in motion patterns that can cause the lesion 
to not spend much time in or move too quickly through a certain location. Large 
displacements result in missing data for image reconstruction and manifest in banding 
artefacts causing the object to appear broken in the final reconstructed image. The work done 
by Keall (2004) showed that the presence of artefacts in phantom images were reduced for 
sinusoidal breathing patterns and patients coached to breathe regularly during image 
acquisition. As sinusoidal patterns and breath coaching represent the ideal clinical scenario, 
the artefacts that have resulted from non-sinusoidal patterns are of clinical importance. Keall 
(2004) suggests that the presence of artefacts in non-sinusoidal patterns could be alleviated by 
slowing the couch motion during scanning or slowing the gantry rotation speed, with 
consequences of increased dose and scan time to the patient which would both require 
consideration.  
Imaging moving objects with CBCT resulted in a marked reduction in contrast 
compared to that of 4DCT MIP imaging. Figure 4.1 illustrates both the significant reduction 
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in average CT number of a Perspex lesion in CBCT when 4 cm of sinusoidal motion was 
introduced, and the insignificant reduction in average CT number of lung material in CBCT 
for the same motion pattern. 
 
 
Figure 4.1 Average CT Numbers for Perspex and lung objects used in phantom imaging. Note the significant 
reduction in contrast for the 2.5cm Perspex lesion imaged with CBCT when a 4 cm amplitude was introduced 
compared to the minimal reduction in average CT number for the same Perspex lesion imaged with 4DCT. 
There are also minimal changes in average CT number of the lung material when motion was introduced for 
both CBCT and 4DCT when plotted to the same scale as Perspex.  
 
The marked reduction in contrast for a moving Perspex lesion imaged with CBCT compared 
to that in the 4DCT MIP is directly related to the different image reconstruction methods 
between the two modalities. A 4DCT MIP image uses only the pixels with the maximum 
intensity across all images and discards all other information resulting in a high contrast 
between the Perspex in motion and the background lung material. CBCT on the other hand 
makes use of every pixel in each projection to reconstruct an image that results in an 
averaging of the CT numbers across all images, giving a lower contrast between Perspex and 
lung that worsens as amplitude increases. The fact that the contrast between Perspex and lung 
worsened with increasing amplitude for CBCT is evident in Figure 3.1. Results of the visual 
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effect on CBCT ITVs from patterns similar to Trace D have been reported in the literature. 
Vergalasova (2011) present CBCT coronal slices of a 3 cm diameter sphere moving 2 cm with 
both a sinusoidal pattern and a pattern similar to Trace D (Figure 4.2).  
 
 
Figure 4.2 CBCT coronal slices acquired in this project (A and B), and those acquired by 
Vergalasova (2011) (edited, C and D) of 3 cm diameter objects moving 2 cm. Lesions in 
images A and C were moved sinusoidally, and lesions in images B and D were moved with a 
pattern that had a rest period following exhalation.  
 
The images from Vergalasova (2011) agree with those presented here. In images B and D the 
superior edge of the ITV is clearer than the inferior edge and this is more evident in the 
images by Vergalasova (2011), perhaps due to their choice of window/levelling. Given that 
Patients 1, 3, and 5 exhibited breathing patterns with an extended rest period following 
exhalation it was expected that the same effect would be noticed in the images of the phantom 
lesions moved with these SBRT lung patient patterns. This was not the case, however, as can 
be seen in Figure 3.4, and this was largely due to the processing that was done to the patient 
trace by the motor controller software that unfortunately reduced the presence of the rest 
periods in these 3 patient traces (Figure 2.7). The clinical CBCT images from Patients 1, 3, 
and 5 were examined to see if the superior edge to their CBCT ITV was sharper as a result of 
a breathing pattern with a rest period following exhalation and it was not immediately 
apparent. Possible reasons for this are that the patient lesions were not moving more than 1 
cm and they moved with variable amplitudes unlike the lesions moved with Trace D during 
phantom imaging. It would have been interesting to see if this effect was noticeable had some 
of our patient’s lesions moved larger than 1 cm.  
 
4.2.2 Quantitative effect of motion on 4DCT MIP and CBCT volumes 
The results of this research project showed that large amplitudes of motion could 
reduce the ITVs by up to 20% for 4DCT MIPs and 30% for CBCTs with CBCT imaging less 
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capable of reproducing the ITVs for moving lesions than 4DCT MIP imaging. Sinusoidal 
motion patterns generally resulted in the most accurate ITV values compared to known ITVs, 
reinforcing the importance of studying the effects of non-sinusoidal motion on 4DCT MIP 
and CBCT imaging. 
The underestimation of 4DCT MIP ITVs became worse for smaller lesions, larger 
motion amplitudes, and more irregular breathing patterns. When the lesions were moved with 
a constant amplitude, as in Traces A, B, C, and D, there was a distinct reduction of 4DCT 
MIP ITVs with increasing amplitude (Figure 3.5), and when the lesions were moved with 
variable amplitudes, as in patient traces, there was only a slight reduction of 4DCT MIP ITVs 
with increasing amplitude though amplitudes greater than 1 cm were not investigated here. 
Comparing the 4DCT MIP ITV reductions for the small and medium lesion moved with 
patient traces (Figure 3.8) to the 4DCT MIP ITV reductions for the computer-generated traces 
(Figure 3.5 a and b) it is seen that the absolute volume reductions are of the same magnitude 
with the smaller lesion faring slightly worse when patient traces were used instead of 
constant-amplitude traces. These findings were a direct result of the methods used to acquire 
and reconstruct 4DCT MIP images. As introduced in Chapter 1.4.1 the 4DCT image is 
acquired in a helical fashion with the 16-detector-wide imaging plane acquiring successive 
slices along the patient anatomy. The couch pitch is set based on the average breath length, 
and if the lesion does not move to the maximum amplitude in an irregular breathing pattern 
when moving through the imaging plane then the 4DCT MIP image will show the lesion 
moving with a smaller amplitude than the maximum, regardless of how the lesion was 
moving when not in the imaging plane. For irregular patient breathing patterns the resulting 
4DCT MIP ITV can change each time a CT is taken since it depends on how the lesion was 
moving through the imaging plane. This is the reason for the less obvious trend with 
increasing amplitude than seen for the four computer-generated breathing patterns which 
moved the lesions with constant amplitudes. Furthermore, the couch pitch factor is calculated 
based on the average breath length and does not take amplitude of tumour motion into 
consideration. A tumour moving with an amplitude of 1 cm is moving much slower and is 
therefore more easily captured by 4DCT than one with an amplitude of 4 cm if the breath 
lengths are identical. As was discussed in Chapter 4.2.1 imaging tumours with large 
displacements results in missing data and poorer 4DCT image reconstructions. For this reason 
it may be worth considering reducing the couch pitch factor and/or reducing the slice 
thickness for when the imaging plane is directly overtop of and capturing the lesion. A slower 
moving couch would involve more breathing patterns being captured per image and would 
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reduce the amount of missing data for reconstruction, and a smaller reconstruction slice 
thickness around the tumour would provide a more accurate representation of tumour position 
at the extremes of motion. 
In contrast, reductions in CBCT ITVs showed a distinct trend with increasing 
amplitude for breathing patterns of variable amplitude that was not evident for breathing 
patterns of constant amplitude (Figure 3.6 vs. Figure 3.8). This is a direct result of the 
different imaging and reconstruction methods used to acquire a CBCT than used to acquire a 
4DCT. In CBCT imaging the large detector panel encompasses the full volume of the tumour 
and its motion and every projection is used to reconstruct the final image. With ~10 
projections acquired every second the entire tumour trajectory throughout imaging will be 
captured. The downside to using every projection is the reduction in contrast that occurs due 
to a CT number averaging effect when the lesion is not always at the same location during 
imaging. If the lesion does not always travel to the maximum amplitude, as in patient 
breathing traces, then the number of CBCT projections that are captured when the lesion is at 
the maximum amplitude will be far outweighed by the number of projections captured of the 
lesion not at that position. The reconstructed CBCT image will therefore show either a low 
contrast object at that position compared to the background, or it will be washed out 
completely. Therefore the reduction in CBCT ITV was more obvious for lesions moved with 
variable amplitudes. 
Given the interesting visual results from Trace D compared to the other traces, and the 
fact that it was a clinically relevant pattern as 3 of the SBRT lung patients (Patients 1, 3, and 
5) exhibited breathing patterns with rest periods following expiration, Trace D was further 
investigated for the effect of reproducibility of 4DCT MIP and CBCT imaging and the effect 
of different breath cycle lengths other than 4 seconds. When the effect of breath length on 
ITV magnitude was investigated for Trace D the results showed that there was a tendency, 
either real or not, for the 4DCT MIP ITVs to be closer to the known ITVs as breath length 
increased, though this trend was not evident for CBCT ITVs.  
The literature includes a variety of phantom studies that quantify the ITVs on 4DCT 
MIPs of objects moving with sinusoidal breathing patterns (Underberg et al. 2005; Wang, Z et 
al. 2007) and irregular breathing patterns (Noel & Parikh 2011). Wang (2007) did not 
compare their 4DCT MIP ITVs to the known ITVs or any other quantity, leaving Underberg 
(2005) the only available set of data to compare with. Underberg (2005) compared their 
4DCT MIP ITVs to 4DCT ITVs generated by the superposition of ITVs from all 10 phases 
and found a 4% reduction for a 3 cm object moving sinusoidally 1.5 cm, similar to the results 
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presented here that showed a <5% reduction in ITV for a 3 cm object also moved 
sinusoidally. For irregular breathing patterns with a constant amplitude Noel and Parikh 
(2011) found an underestimation of 4DCT MIP ITV from the known ITV of 11% for the 2 cm 
object moving 1 cm; similar to the results presented here that showed a maximum volume 
reduction of 4% for the small tumour moving with irregular computer-generated patterns and 
the same amplitude. The maximum volume underestimation of 4DCT MIP ITVs in this study 
was about 20% when Patient 4’s trace was used to move the small lesion 6.5 mm. This may 
be because the lesion did not move to the maximum amplitude while moving through the 
imaging plane. Noel and Parikh (2011) were the only other authors to investigate the 
volumetric effect of phantom breath length on 4DCT MIP ITVs and they found that varying 
the breath lengths had a lesser effect on ITV distortion than did varying the amplitude, as was 
found here.  
The underestimation of CBCT ITVs from sinusoidal breathing patterns on a phantom 
was supported in the literature (Wang, Z et al. 2007), and the underestimation of CBCT ITVs 
from irregular breathing patterns was only alluded to in the literature based on 2-dimensional 
analyses (Vergalasova, Maurer & Yin 2011). This project is therefore the first to quantify the 
volumetric effect of irregular breathing patterns on CBCT ITVs. Similar to the work carried 
out here, Wang (2007) moved a 1 cm lesion sinusoidally with amplitudes up to 2 cm and 
cycle lengths up to 5 seconds. Though similar in setup Wang (2007) found a lesser reduction 
in CBCT ITV of 10% where close to 30% was reported here. This is perhaps due to Wang 
(2007) comparing CBCT ITVs to 4DCT ITVs and not the known ITV, as was done here, 
since 4DCT MIP images do not completely capture the extremes of motion of an object 
moving sinusoidally (Huang et al. 2010; Park et al. 2009) and a comparison to the 4DCT MIP 
ITV would not reflect the true error in CBCT ITV. Another plausible reason for Wang (2007) 
achieving more agreeable results between CBCT ITV and 4DCT ITV was their use of a high-
contrast steel ‘lesion’ in comparison to its surrounding material. A steel object and air can 
have average CT numbers of >2000 HU and -1000 HU, respectively, which are markedly 
different from CT numbers of soft tissue (~ 50 HU) and lung tissue (~ -700HU). Perspex 
lesions embedded in wood were chosen in this project to present a clinically realistic situation 
with average CT numbers of 110 HU and -630 HU, respectively (Figure 4.1). The blurring of 
lesions and a reduction in contrast in CBCT was not as apparent for a steel ball in air as it was 
with soft-tissue and lung-tissue equivalent materials and could be attributable to the different 
results. 
 77 
Vergalasova (2011) used ‘soft-tissue’ spherical lesions up to 3 cm diameter embedded 
in ‘lung-tissue’ inserts. Similar to what was conducted here, Vergalasova (2011) moved their 
lesions up to 2 cm with 5 computer-generated patterns (1 sinusoidal, 4 irregular), and 6 SBRT 
lung patient patterns all scaled to 2 cm. Though Vergalasova (2011) did not quantify the 
volumetric effect on CBCT ITV from irregular breathing patterns they did assess the changes 
in internal target area. Their 2D assessment of changes in internal target area as a function of 
inspiration to expiration ratio was done by contouring a slice through the target centre using a 
Canny edge detection method. They reported only the raw values of pixel area, not how these 
compared to the known internal target area, making it difficult to compare the results 
presented here to. Regardless, their data showed a greater reduction in internal target area for 
smaller lesions, larger amplitudes, and smaller inspiration to expiration ratios. Where 
Vergalasova (2011) stated that there was a potential for CBCT ITV underestimation, the 
results presented here showed that there is an underestimation of CBCT ITV for any amount 
of motion introduced regardless of lesion size, motion amplitude, and breathing pattern. No 
authors reported an effect of breath length on CBCT ITVs. This project is the first to find that 
up to periods of 10s there was no effect of breath length on CBCT ITV for patterns similar to 
Trace D. Though these results only pertained to a particular breathing pattern, it is a clinically 
relevant one as 3 of the 6 SBRT lung patient patterns used in this project exhibited a rest 
period following exhalation (Figure 4.1). It would be interesting for future work to image the 
phantom using a variety of clinically relevant breath lengths for the other breath patterns 
investigated here.  
Having a 4DCT MIP ITV that is smaller than the known ITV would result in an error 
in ITV contouring for patient treatment planning that would be carried right through to patient 
treatment. The clinical impact of a CBCT ITV that is even smaller than the known ITV is not 
as serious as that of a smaller 4DCT MIP ITV provided that the centre of the visible CBCT 
ITV correlated to the centre of lesion motion. This is because centre-to-centre matching of the 
CBCT to the MIP ITV contour is carried out for patient alignment. However, if irregular 
breathing patterns such as Trace D shift the centre of the visible ITV away from the centre of 
motion then a centre-to-centre match would cause a misalignment between the CBCT and the 
4DCT MIP ITV contour. Whether the mismatch is clinically significant or not is discussed in 
the sections below. 
Raw values for 4DCT MIP and CBCT ITVs illustrated well the reconstructing ability 
of the imaging systems when motion was introduced, however, they did not identify where 
along its pathway the lesion was not being imaged. The lengths of the ITVs in the coronal 
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plane were measured to determine how accurately the imaging systems picked up the 
extremes of motion and whether volume was being lost at these extremes. If volume was 
being lost at the extremes this could impact the judgement of the radiation oncologist 
reviewing CBCT images for any indication of tumour regression.  
 
4.2.3 Effect of motion on 4DCT MIP and CBCT ITV lengths 
The superior-inferior lengths of ITVs on 4DCT MIP and CBCT images of stationary 
lesions were all within 1 mm of the known ITV lengths, respectively, indicating an 
appropriate choice of window/level for contouring the 4DCT MIP ITVs. When motion was 
introduced, both 4DCT MIP and CBCT ITV lengths became shorter from the known ITV 
lengths with CBCT ITVs showing the largest discrepancies. For the majority of cases the 
CBCT ITV length was consistently shorter than the 4DCT MIP ITV length.  
Sinusoidal breathing patterns (Trace A) resulted in the best agreement between 
measured 4DCT MIP ITV lengths and the known ITV lengths. There was a distinct trend in 
shortening of 4DCT MIP ITV lengths with increasing amplitude from the 4 computer-
generated for all lesion sizes. This demonstrated that 4DCT MIP imaging was less accurate at 
picking up the extremes of motion as amplitude increased in the cases of constant amplitude. 
This trend was not evident, however, in the lengths of 4DCT MIP ITVs from lesions moved 
with the 6 SBRT lung patient patterns that had variable amplitudes. This is related to the 
findings above regarding 4DCT MIP ITVs being reduced for patient traces with more 
variability in motion amplitudes. Shortening of 4DCT MIP ITV lengths followed the same 
patterns of 4DCT MIP volume reductions, showing that volume was being lost at the 
extremes of motion. 
Similar to the results for 4DCT MIP ITV lengths it was sinusoidal motion (Trace A) 
that resulted in the majority of closest agreements between measured CBCT ITV lengths and 
the known ITV lengths for computer-generated breathing patterns. There was a distinct 
shortening of CBCT ITV length with increasing amplitude for the lesions moved with the 6 
SBRT lung patient traces and there was no such trend for lesions moved with the 4 computer-
generated breathing patterns. As discussed above this was the result of the different methods 
used to acquire and reconstruct 4DCT and CBCT images. The patterns of CBCT ITV length 
shortening followed the same trends as CBCT ITV reduction showing that volume was being 
lost at the extremes of motion.  
Various authors have quantified the effect on 4DCT MIP ITV lengths for sinusoidal 
motion (Park et al. 2009) as well as for irregular motion (Noel & Parikh 2011; Park et al. 
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2009) and they present results that both agreed and disagreed with those presented here. A 
comparison between these two groups and this work are difficult with three different 4DCT 
slice thicknesses used during image acquisition and is potentially a reason for discrepancies in 
results. As stated in Chapter 2.2.4 this project used 3 mm slice thickness for the reason that 
stereotactic lung patients are scanned using this setting, while Noel and Parikh (2011) used 
1.5 mm slice thickness and Park (2009) CT scanned using a slice thickness of 2 mm. Park 
(2009) used two acrylic cylindrical targets that were similar in dimension to the medium 
lesion used here and found that moving them with a 4 second sinusoidal pattern resulted in 
MIP ITV lengths that were actually longer than the known ITV lengths. Noel and Parikh 
(2011) also found that some of their 4DCT MIP ITVs lengthened for a 2 cm diameter acrylic 
sphere in water-equivalent material moved with a lung patient breathing pattern. These 
findings, however, were limited to amplitudes of 0.5 cm while for amplitudes of 1.5 cm their 
MIP ITV lengths were shorter than the known ITV lengths. If 4DCT MIP ITV length 
increased so would the 4DCT MIP ITV and this has not been shown in the results presented 
here. Park (2009) did not report their window/level settings used to contour the MIP ITVs, 
which could alter the ITV and ITV lengths if inappropriate settings were used, however their 
results, when analysed relative to each other, revealed findings that agreed with those 
presented here. When their lesions were moved with sinusoidal patterns that involved varying 
peak amplitudes within the same pattern Park (2009) found that increased variability in peak 
amplitudes resulted in a further shortening of 4DCT ITV length from the known ITV length. 
Their largest discrepancy between 4DCT MIP ITV length and the known ITV length was 
almost 2 cm for a 3 cm amplitude; significantly worse than the results presented here though 
this project only investigated up to a maximum amplitude of 1 cm. Both Park (2009) and Noel 
and Parikh (2011) investigated the effect that a range of breath cycle lengths had on 4DCT 
MIP ITV lengths again with conflicting results. Noel and Parikh (2011) state that changing 
the breath length resulted in unpredictable distortions in their 4DCT ITVs, agreeing with the 
lack of trends presented here, while the results of Park (2009) showed that slower moving 
lesions were less accurately captured on 4DCT MIP images. These conflicting results are not 
surprising as each time a 4DCT image is taken the actual imaging plane location and tumour 
movement are at different phases to each other. 
The literature also included publications of phantom studies from authors who have 
analysed the effect on CBCT ITVs in one dimension of objects moving sinusoidally (Song et 
al. 2009; Vergalasova, Maurer & Yin 2011) and irregularly (Vergalasova, Maurer & Yin 
2011). Song (2009) moved a 2cm solid water cube with sinusoidal patterns up to 3cm in 
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amplitude and up to 6 seconds in length and investigated the effect on CBCT ITV lengths. 
Unlike the results presented here, Song (2009) found a distinct trend in shortening of CBCT 
ITV lengths from the known ITV length as amplitude increased for sinusoidal motion, and 
this could be the result of their choice of window/level for contouring. Their errors, however, 
were of the same order of magnitude as presented here with their largest discrepancy 
approximately 1 cm for a 3 cm amplitude; comparable to the largest discrepancy of 
approximately 8 mm for the medium lesion moved 2 cm. Vergalasova (2011) also looked at 
the effect of sinusoidal and irregular motion on CBCT ITVs by changing the inspiration to 
expiration ratios and noting the change of contrast along line profiles, a one-dimensional 
assessment, at equidistant points from the centre of motion at the centre of the ITVs. For their 
sinusoidal motions the largest reduction in contrast was 4%, much smaller than that found in 
their irregular motion measurements. For their inspiration to expiration ratio of 0.51 for 
irregular motion, which was most similar to Trace D, they found a significant reduction in 
line contrast of 66% for the smallest lesion moving with the largest amplitude. This result 
indicated a difficulty to visualise the target at the extreme of inspiration and the authors 
alluded to a shortening of the CBCT ITV length and a potential reduction in CBCT ITV. The 
results presented here showed that for the small lesion moved 2 cm with Trace D the ITV 
length was shortened by 5 mm, again proving that there is a reduction in ITV length, not just a 
potential for it. 
 Song (2009) was the only other author to vary their breath lengths of the phantom 
during CBCT image acquisition, though they limited this investigation to sinusoidal breathing 
patterns. At least for sinusoidal motion they also found that cycle lengths ranging from 2 – 6 
seconds did not have a significant impact on CBCT ITV length, as was the case in this 
investigation. 
In this investigation it was found that the lengths of volumes on 4DCT MIP and 
CBCT images became shorter than the known ITV lengths when motion was introduced. 
Shorter 4DCT MIP ITV lengths than the known ITV lengths would result in the contouring of 
an ITV that does not fully represent the entire motion of the tumour. This introduces a 
systematic error that would be carried from treatment planning through to patient treatment. 
Though the margins used to expand the ITV to the PTV are typically greater than 5 mm, it 
was seen from this and other studies that the 4DCT MIP ITV length can be shorter by 7 mm 
for significant motion and irregular breathing patterns. This leaves little room for error in ITV 
alignment if there is only 10 mm in which to move superiorly and inferiorly. Cases such as 
these may result in an underdosage of the PTV (Huang et al. 2010). The implications of a 
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shorter CBCT ITV would not be as clinically significant as that of a shorter 4DCT MIP ITV, 
provided that the centre of the visible CBCT ITV correlated to the centre of motion, as in 
sinusoidal breathing patterns. This is because the centre of the CBCT ITV will eventually be 
aligned to the centre of the 4DCT MIP ITV, and if the two centres of motion correlated then 
no misalignment would occur. The finding that CBCT ITV lengths were shortened for lesions 
that moved with variable amplitudes is clinically relevant as patients breathe with varying 
degrees of inspiration and expiration which would cause their tumour to travel to a variety of 
amplitudes. Though clinically relevant, this aspect is not well studied in the literature. Issues 
for patient alignment may arise when irregular breathing patterns shift the centre of the visible 
lesion on CBCT away from the centre of motion; resulting in a possible misalignment when 
conducting a centre-to-centre match of the CBCT to the 4DCT MIP ITV. The next section 
will discuss the alignments that were measured between CBCT ITVs and 4DCT MIP ITV 
contours for both regular and irregular breathing patterns.  
 
4.2.4 Effect of motion on CBCT alignment with 4DCT MIP ITV contours 
 Previous sections have discussed how there can be significant changes to the size and 
length of CBCT ITVs for various lesion sizes moved with a variety of amplitudes and 
breathing patterns. What ultimately matters is how well these CBCT ITVs align to the 4DCT 
MIP ITV contours as a result of these changes as this will be an indication of how accurately 
the patient would be setup based on CBCT imaging. 
The alignment of CBCT ITVs to 4DCT MIP ITV contours in this project were 
generally limited to image sets acquired with identical motion patterns. This related to the 
ideal situation where the patient breathed with the same pattern between planning CT and 
treatment imaging. The only exception was the alignment of CBCT ITVs from Trace D to 
4DCT MIP ITVs from sinusoidal motion to ascertain whether the centrepoint of the Trace D 
CBCT ITVs was in fact shifted away from the centre of motion. Even though some of the 
CBCT ITVs were shortened by significant amounts, the alignments of CBCT ITVs to 4DCT 
MIP ITVs from all motions using Trace A, B, and C, as well as all patient breathing patterns 
approximated on the phantom were within approximately 2 mm. These misalignments would 
have been well covered by a minimum 5 mm ITV to PTV margin. It is therefore appropriate 
to use centre-to-centre matching of CBCT ITVs to 4DCT MIP ITVs without chance of 
significant misalignment for patterns such as Trace A, B, and C, and for patient breathing 
patterns similar to those used here that move the lesion less than 1 cm. 
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For Trace D CBCT ITVs it was found that the location of the centres of the ITVs were 
always superior to those of sinusoidal CBCT ITVs proving that there was a shift in Trace D 
CBCT ITV centres in the superior direction as a result of the inferior extreme of motion not 
being accurately captured. The subjective edge-to-edge alignment of Trace D CBCT ITVs to 
Trace D 4DCT MIP ITVs revealed to be a more appropriate method of alignment than a 
centre-to-centre alignment method. Changing the breath cycle length of Trace D and then 
conducting an edge-to-edge alignment did not reveal any misalignments over 1 mm. It would 
be interesting to further investigate the effect on image alignment if patient traces 
approximated by the phantom had longer rest periods following expiration and if the 
maximum amplitudes were larger than 1 cm.  
 Various authors have conducted similar alignments between CBCT and 4DCT images 
for phantoms moving with sinusoidal motion (Jiang et al. 2011; Wang, Z et al. 2007), though 
this study is the first to report the error in alignment from irregular breathing patterns. The 
results reported in Wang (2007), Jiang (2011), and those presented here showed that 
alignments of CBCT ITVs with 4DCT ITVs for sinusoidal breathing patterns around 4 
seconds in length and amplitudes less than 4 cm would not result in significant misalignments 
of a patient. Vergalasova (2011) did not align their CBCTs to the corresponding 4DCTs 
though they state that with increasing time spent in expiration there would be a greater 
likelihood of localisation error. The inspiration to expiration ratio of Trace D was around 0.5-
0.6 which was quite larger than some of the inspiration to expiration ratios Vergalasova 
(2011) investigated, 0.14 for example, and the results presented here proved that there was a 
greater localisation error for this pattern than for regular sinusoidal motion. The next step for 
this project would be compare edge-to-edge matching to centre-to-centre matching for 
variations of Trace D that included not only different breath cycle lengths but different 
lengths of the rest period following expiration. The resulting images would be similar to the 
work by Vergalasova (2011) but taken one step further by assessing both the resulting ITVs in 
3D and the errors in image alignment due to longer rest periods.  
 The clinical implications of a misalignment between CBCT ITVs and 4DCT MIP ITV 
contours can be quite serious for stereotactic radiotherapy patients (Verellen, De Ridder & 
Storme 2008). Compared to conventionally fractionated radiotherapy where 30+ treatments 
and larger ITV to PTV margins can compensate for any setup errors, stereotactic radiotherapy 
has fewer treatments and tighter margins in which to compensate. This is why at Peter 
MacCallum Cancer Centre soft-tissue CBCT matching is done using 0 mm tolerances and 
precision is of paramount importance. If a couch shift is required to match the CBCT to the 
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4DCT MIP ITV contour then another CBCT is acquired to verify the shift, and mid- and end-
CBCT images are acquired to assess intrafraction motion. It has been found that a centre-to-
centre alignment method is appropriate for patterns such as Trace A, B, and C, and patient 
traces approximated on a phantom to have small amplitudes and little in the way of rest 
periods following exhalation. For patterns such as Trace D, however, there were significant 
shifts in the centres of the CBCT ITVs superior to the centre of motion that could lead to 
misalignments of CBCT ITVs to 4DCT MIP ITVs. This is better illustrated in Figure 4.3 
which shows the potential for misalignment when the centre of the CBCT ITV is matched to 
the centre of the 4DCT MIP ITV. The inferior extreme of the actual ITV is not captured by 
CBCT and if the shift in CBCT ITV centre is large enough, the actual ITV contour could 
approach or extend beyond the PTV margin.  
 
 
Figure 4.3 Potential centre-to-centre misalignment resulting from a shift in CBCT ITV centre for a lesion 
moving 2 cm with Trace D. The red areas are the ITVs in Focal as seen in autothreshold mode, and the 
actual ITV, PTV margin and CBCT ITVs are all delineated.  
 
An actual ITV edge close to the PTV margin does not allow much room for error during 
treatment, and an actual ITV edge beyond the PTV margin results in tumour tissues at the 
inferior edge being missed by the radiation beams. These potential clinical scenarios are the 
motivating factors behind using edge-to-edge alignment for patients breathing with Trace D-
like patterns.  
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4.2.5 SBRT lung patient image analyses 
 Analysing phantom images is ideal because one can assess the accuracy of 4DCT MIP 
and CBCT imaging to reconstruct the actual ITVs and ITV lengths because the actual values 
are known based on the phantom dimensions and predetermined motions. As this knowledge 
is not known in the clinical setting of CBCT scanning a lung patient it is not possible to 
compare patient CBCT ITVs to a ‘known ITV’, however, it is still interesting to compare 
patient CBCT ITVs to their 4DCT MIP ITVs to ascertain any trends. This was done for the 6 
SBRT lung patients in this study and will now be discussed. This project compared the CBCT 
ITVs from 6 SBRT lung patients to their 4DCT MIP ITVs to note whether there were any 
trends with CBCT ITV and initial 4DCT MIP ITV size, breathing pattern, breath length, and 
tumour amplitude. Since there is no ‘known ITV’ for patient tumours the 4DCT MIP ITV 
becomes the gold standard and the CBCT ITVs are compared directly to that volume. The 
results presented in Table 3.14 and Figure 3.11 showed that there were no trends in CBCT 
ITV and initial 4DCT MIP ITV size, irregularity in breathing pattern, breath length, or tumour 
amplitude. The closest agreement between patient CBCT ITV and 4DCT MIP ITV was 
actually for the lesion moving with the largest amplitude, which completely disagreed with 
the phantom measurements that showed the worst agreement between CBCT ITV and 4DCT 
MIP ITV for the lesion moving with the largest amplitude. An interesting finding from this 
analysis was that there was not always a reduction in CBCT ITV, as was seen in the phantom 
image analyses. The window/level settings were kept consistent between contouring the 
4DCT MIP ITVs and the CBCT ITVs so this would not be the reason behind the lack of 
trends in the data. A possible reason for any lack of trends could be due to the fact that one 
Radiation Oncologist contoured the 4DCT MIP ITVs and a different one contoured the CBCT 
ITVs, as interobserver variability is higher when contouring CBCT ITVs compared to CTs 
(Altorjai et al. 2011). Furthermore, Radiation Oncologists do not regularly draw contours on 
CBCTs as these images are not used for dose calculation, and this inexperience could have 
contributed to the lack of trend. Another possible reason could be that the patients had their 
reference 4DCT MIP images acquired a number of days before their first CBCT verification 
image. Any number of anatomical changes could have occurred in between the two scans, 
which cannot be said for the phantom whose anatomy was unchanging. Also, the patient 
breathing patterns used to generate phantom images were loops of a portion of the breathing 
trace acquired during CBCT image acquisition, not during 4DCT image acquisition, though 
their trace amplitudes were scaled according to the tumour excursion measured on 4DCT. A 
more exacting investigation would have involved moving the phantom during 4DCT with the 
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patients breathing trace as measured during 4DCT, and then moving the phantom during 
CBCT with the patients breathing trace as measured during CBCT. This was not possible in 
the first case due to the inability to extract the breathing trace from the 4DCT scanner, and in 
either case due to the limitations in the motor controller software memory allocation. 
In this project there was the intent to image the phantom using patient-specific 
breathing patterns, lesion sizes, and amplitudes in order to compare the CBCT ITV findings to 
those of the actual SBRT lung patients. Though the comparisons for Patients 1 and 3 were 
within 2% of each other, the percentage plotted in Figure 3.11 revealed few agreements, and 
in fact the largest disagreement in phantom CBCT ITV actually corresponded to the best 
agreement in patient CBCT ITV (Patient 6). When the CBCT ITV lengths were compared 
directly to 4DCT MIP ITV lengths then it was obvious that there was a trend for CBCT ITVs 
to be less capable of reconstructing the same volume as the 4DCT MIP ITV as amplitude 
increased. This is a clinically relevant comparison because with patient images there are no 
‘known ITVs’ and the 4DCT MIP ITV becomes the gold standard. 
When CBCT ITVs were compared to 4DCT MIP ITVs for both the phantom and 
patient image sets there was no correlation between the phantom and patient results as a 
function of amplitude, at least for the small number of patients included in this study. There 
are a number of reasons that could have contributed to this finding. For instance some of the 
lesion amplitudes, sizes, and breath lengths on the phantom were not an exact match to those 
of the patient. The breathing patterns in the phantom were also not exactly what the patient 
exhibited during CBCT imaging because of smoothing and approximations from the phantom 
software processing, and also the limited memory allocation only allowed for a segment of the 
patient trace when then had to be looped. The findings may have been more in agreement had 
the phantom software not been limited in its memory allocation and could reproduce the 
patient’s full trace as exhibited during CBCT imaging. 
 There have been a few authors that have also quantified SBRT lung patient CBCT 
ITVs and compared these volumes to their corresponding 4DCT MIP ITVs, as was conducted 
here (Song et al. 2009; Vergalasova, Maurer & Yin 2011; Wang, Z et al. 2007). Wang (2007) 
examined 3 lesions with 4DCT ITVs ranging from 1-34 ml and measured reductions in CBCT 
ITV compared to 4DCT ITV in all 3 cases. Their CBCT ITVs were reduced by up to 14% and 
they did not find a correlation between magnitude of 4DCT ITV and the reduction in CBCT 
ITV. They did not state patient breath cycle lengths, tumour amplitudes, or irregularity in 
breathing patterns so it was not possible to ascertain any trends in their data regarding these 
aspects. Song (2009) measured the ITVs from 18 SBRT lung patient image sets. Their spread 
 86 
in percentage differences of CBCT ITV compared to 4DCT MIP ITVs did not trend with 
motion range or 4DCT GTV size, as was found here. Their percentage differences ranged 
from approximately 6% to -56%, covering a wider spread of results than the range of 4% to -
29% reported here. It is understandable that their percentage differences extended above and 
below the range reported here considering they analysed three times as many patients. 
Vergalasova (2011) assessed the CBCT ITVs in 3D of one SBRT lung patient with 2 lesions 
(2 cm3 and 36 cm3) and compared these to 4D CBCT ITVs instead of to 4DCT ITVs not 
allowing a direct comparison to the data reported here. Vergalasova (2011) found reductions 
in CBCT ITV of ~1 cc (40%) and ~11 cc (-24%), respectively. It is difficult to compare the 
results presented here involving multiple patients to a study where both tumours, though 
different volumes, were subject to the same breathing pattern during image acquisition.  
 There are a number of clinical implications of having a patient’s CBCT ITV that is 
different to their 4DCT MIP ITV. A larger CBCT ITV could indicate that either the patient’s 
lesion has grown or the patient was breathing deeper on treatment day than during planning 
CT causing their tumour to move in a larger volume. In both cases it would depend on how 
much the ITV extended beyond the 4DCT MIP ITV contour and whether it encroached on the 
PTV contour as to whether the patient required a replan. Fortunately the enlargement of 
patient CBCT ITVs reported here were at most 4% which were covered by the PTV margins 
and a replan was not necessary. It would be more concerning for patient treatment to have a 
CBCT ITV that is significantly smaller than the 4DCT MIP ITV, since CBCT imaging occurs 
after 4DCT MIP imaging it is unlikely that the tumour has shrunk without treatment and 
instead may be due to a number of other reasons. For instance the patient could have been 
breathing deeper during planning CT scanning causing their tumour to move with a larger 
maximum amplitude than seen during CBCT imaging for treatment. In these instances more 
healthy tissue would be treated than is necessary. A more serious possibility is the inferior 
soft-tissue contrast of CBCT resulted in a washed-out and poorly visualised lesion, and this 
was seen to be worse for small tumours moving large amplitudes. If the lesion on CBCT is 
much smaller than the 4DCT MIP ITV contour then there is a significant amount of room for 
error in patient alignment based on centre-to-centre alignment using CBCT.  
 
4.3 Limitations of study 
 Given the complexity of the problem it was not possible to investigate every aspect of 
moving lung tumour imaging. For example a breath cycle length of 4 seconds was 
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investigated for the majority of phantom scans, which did not address the full breath length 
range of 3 – 6 seconds observed from SBRT lung patients at our clinic. Only computer-
generated Trace D was imaged using shorter and longer cycle lengths than 4 seconds to 
further investigate the interesting findings from that trace. It would be interesting to repeat the 
additional breath cycle lengths for the other breath traces to fully investigate the effect of 
breath length on volumes and alignment for 4DCT MIP and CBCT images; however, time 
constraints have deferred this to future exploration. A variety of breath lengths were present in 
the 6 SBRT lung patient traces approximated on the phantom ranging from 3 - 5 seconds, 
though their peak to peak amplitudes were limited to less than 1 cm to be as patient-specific 
as possible. 
A further limitation of this study included the tumour motion being constrained to the 
superior-inferior axis. The Quasar phantom allows only superior-inferior motion, though 
tumours naturally move in three dimensions with patient respiration. In their investigations, 
Wang (2007) moved their lesion in three dimensions with results showing close agreement 
between 4DCT ITV and CBCT ITVs, and alignments within 1 mm. Their motion patterns, 
however, were all sinusoidal and as seen in this project sinusoidal patterns resulted in the best 
agreement with known ITV and ITV lengths, and alignments with 4DCT MIP ITVs. It would 
therefore be worthwhile to investigate the effect that irregular breathing patterns had on 
imaging and aligning a lesion moving in three dimensions. Though moving lesions in three 
dimensions would have been a more thorough investigation, the superior-inferior dimension is 
the most important when considering imaging slice thickness which introduces the most error 
in this dimension. 
This project also limited its comparison of ITV values, ITV lengths, and alignments of 
4DCT and CBCT images that were acquired with identical phantom motion settings. It is 
unrealistic to expect the patient to breathe with exactly the same pattern and amplitude on 
separate days between their planning 4DCT and their treatment CBCT unless breath coaching 
is implemented. This clinical reality is a motivation for the future investigation of the effect 
on ITV values and their alignment if a patient exhibited one breathing pattern for planning 
CT, but then exhibited a markedly different breathing pattern during CBCT on treatment day.  
For error analysis the phantom motion that produced the most interesting and 
clinically relevant results was repeated and the resulting error was reported. This data is 
presented in Chapter 3.2.1, Figure 3.7, and Table 3.2. While the results of a full error analysis 
are beyond the scope of the present study, they would be of clinical relevance as tumours can 
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change size and move in different patterns and amplitudes between 4DCT and CBCT, and 
will therefore be a worthwhile future endeavour. 
There were a number of technical aspects to this project which may have had an 
impact on the results had these various aspects been different. These included the 
manufacturer of the equipment used including the dynamic phantom, linear accelerator, CT 
scanner, motion tracking devices, and programs used to contour ITVs. Varian® machines have 
a fixed 60 second rotation time for a full 360º and CBCT imaging settings are therefore 
limited to a few settings. Elekta® machines are capable of slowed gantry rotation during 
CBCT image acquisition, which would result in more projections acquired of the moving 
target and thus a better quality image. The findings in this project are therefore limited to 
Varian® equipment or to images acquired using the same settings as indicated. Other aspects 
included the optimisation of window/level settings for contouring 4DCT MIP and CBCT 
ITVs as well as for optimal visualisation during image alignment, and the choice of 4DCT 
and CBCT scanning parameters including slice thickness, x-ray tube voltage and current, and 
reconstruction algorithms. For example using thinner slice thicknesses for image 
reconstruction would have provided a more accurate representation of the capabilities of both 
imaging modalities, particularly in the superior-inferior direction in which the phantom 
moved. As this project focused on clinical relevance to our stereotactic lung treatments, 
however, slice thickness and all other aspects were selected as such in order to ascertain the 
errors resulting from those practices. As different results may have been achieved given 
different equipment and settings, a further study investigating the imaging settings required 
for accurate volumes would be warranted.  
Imaging settings used to acquire both 4DCT and CBCT images would have a direct 
impact on the quality of the resulting image and in turn affect the target volumes both 
qualitatively and quantitatively. As already mentioned, the images acquired in this project 
were taken using the same acquisition settings that patient images would have been acquired 
with including slice thickness, rotation speed, pitch of the acquisition, helical for 4DCT, and 
half-fan beam for CBCT. Slice thickness is a setting that would have a significant impact on 
the reconstructed image given that any superior-inferior motion would be segmented by the 
slice thickness and would introduce the most error in the form of partial volume effects. The 
slice thickness used for 4DCT was 3 mm and for CBCT was 2.5 mm. A small slice thickness 
would result in smaller partial volume effects while a large slice thickness would result in 
large partial volume effects. A small slice thickness would therefore reconstruct a more 
accurate volume; however, clinical relevance was a focus of this project and the objective was 
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to assess how patient images would appear given a certain lesion size, breathing pattern, and 
amplitude.  
Using helical scanning instead of axial for 4DCT and using half-fan scanning instead 
of full-fan for CBCT would have affected the reconstructed images of moving targets. 
Transverse slices from axial scanning are constructed from the full rotation of the source and 
detector about the patient, with the radiation turned off to move the patient through the CT 
scanner to acquire the next set of slices. Helical scanning involves the slow motion of the 
couch through the imaging plane, determined by the couch pitch, as the imaging beam 
continues to rotate about the patient until the volume of interest is acquired. Axial scanning is 
not ideal for imaging moving targets as the beam is turned off and some of the target motion 
would be missed. Cone-beam CT scanning on half-fan instead of full-fan geometry means 
that in a full 360 gantry rotation, only half of the patient anatomy is seen by the imager at any 
point in time. If a lung lesion is very lateral then it would only be seen in roughly half of the 
acquisition time. This would affect the image quality particularly if it was moving with a 
largely irregular pattern or with a long breathing period. 
Partial volume effects due to lesion shape could also have introduced errors in volume 
estimates of the Perspex lesions. These effects would be most significant at the superior and 
inferior edges of the lesion that may be clipped by the CT imaging slices. The shape of the 
Perspex lesions and their orientation in the lung inserts, however, should have minimised 
these effects. If the cylinder height had extended in the superior-inferior direction it would 
have presented its flat circular ends to the CT imaging plane that could have resulted in larger 
errors due to partial volume effects. Instead, the height of the cylinders extended in the 
anterior-posterior direction presenting the CT imaging plane with smaller volumes on the 
sides of the cylinder to misrepresent, therefore minimising the partial volume effects. 
Other imaging settings that may have altered the results include the rotation speed of 
the CT scanner and the pitch of the acquisition. Changing the rotation speed and pitch would 
have altered the amount of oversampling during 4DCT and may have reduced or exacerbated 
the presence of motion artefacts, thus these settings should be selected with this in mind. 
 
4.4 Clinical recommendations 
 From the results of this research project two recommendations to change clinical 
practice were formulated; one based on the findings from 4DCT MIP ITVs, the other based 
on the CBCT ITV findings.  
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It is recommended that the creation of ITV to PTV margins for SBRT lung lesions 
should account for any loss of volume at the extremes of motion as a result of peak to peak 
amplitudes of motion greater then 2 cm. As mentioned previously the clinical implications of 
having a 4DCT MIP ITV smaller than the known ITV is the error in treatment planning that 
would result in a contour that did not completely encompass the volume in which the lesion is 
actually moving. Since the volume that is ultimately treated is built on the 4DCT MIP ITV 
contour an erroneous ITV contour from the beginning would introduce a systematic error that 
would propagate through to the patient’s treatment. Typical ITV to PTV margins involve an 
additional 5 mm in the axial planes, and a full 10 mm in the superior-inferior directions 
(Benedict et al. 2010) to account for setup errors as well as larger tumour motion on treatment 
day than that imaged during 4DCT scanning. For lesions moving 1 cm the MIP ITV lengths 
were only shortened by up to 3 mm so a superior and inferior margin of 5 mm would be 
sufficient coverage and would minimise the volume of healthy tissue unnecessarily irradiated 
had a 10 mm superior and inferior margin been used. It is not until the lesions move with 
amplitudes larger than 2 cm that ITV to PTV margins would warrant consideration for 
anisotropic margins in the direction of greatest motion.  
At Peter MacCallum Cancer Centre, for example, patients that present with primary 
non-small cell lung cancer and require stereotactic lung radiotherapy are planned according to 
the CHISEL (TROG 09.02 (Ball 2009)) protocol involving a prescription dose of 54 Gy 
delivered in 3 fractions. Margins on the 4DCT MIP ITV for CHISEL treatments include 5 
mm in both the right-left and anterior-posterior directions and 10 mm in the superior-inferior 
direction as recommended by Benedict (2010). The 6 patients investigated here all had 
tumour amplitudes of less than 1 cm during 4DCT imaging and this was largely due to the 
BodyFix® immobilisation technique used (Han et al. 2010; Siva et al. 2011). Based on the 
findings of this investigation as well as those reported in Noel and Parikh (2011) a 10 mm 
superior-inferior margin on an ITV of a lesion moving less than 1 cm would be excessive and 
unnecessary. For future CHISEL patients and SBRT lung patients in general it would be 
recommended that ITV to PTV margins be 5 mm and isotropic unless their lesions were 
moving with amplitudes greater than 2 cm. For motion amplitudes from 2 to 4 cm a 10 mm 
ITV to PTV margin would be safe to use to account for the volume that is being missed 
during 4DCT imaging as a result of larger lesion amplitudes. Given the restricting 
immobilisation technique used it would not be expected that many lung patients had tumour 
amplitudes greater than 2 cm, however, 4DCT is also used in liver stereotactic radiotherapy 
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and since livers can exhibit amplitudes of 4 cm (Kirilova et al. 2008) it would be worthwhile 
to consider anisotropic ITV to PTV margins here. 
Based on the findings for CBCT ITVs it is recommended that the patient’s breathing 
pattern becomes another tool to align the stereotactic lung patient. If their breathing pattern 
exhibits a rest period following expiration then the tumour spends most of its time at the 
superior location. This results in a superior edge of their lesion that is sharper than the inferior 
edge and can be used for edge-to-edge alignment of the CBCT ITV to the 4DCT MIP ITV 
contour as opposed to centre-to-centre matching that is currently being done. As mentioned 
above, the clinical concern would be for breathing patterns with a rest period following 
exhalation that shift the centres of the visible CBCT ITVs away from the centres of motion as 
this has the potential to result in a misalignment of the CBCT ITV to the 4DCT MIP ITV 
contour if a centre-to-centre match was conducted. The findings in this project and the 
findings of severe contrast reductions at the inferior edge with increased rest period lengths 
(Vergalasova, Maurer & Yin 2011) support the use of a superior edge-to-edge alignment of 
lung lesions for patients who breathe with a rest period following exhalation. For patients not 
exhibiting this type of breathing trace it was shown that a centre-to-centre matching of the 
CBCT ITV to the 4DCT MIP ITV contour was an appropriate method of alignment.  
It has not been appropriate to implement these two recommendations into clinical 
practice at Peter MacCallum Cancer Centre as all of the patients have been treated according 
to clinical trial protocols. In any case the 27 lesions treated so far have had superior-inferior 
amplitudes of less than 1.8cm as measured on 4DCT and would not have warranted a change 
in clinical practice. The SBRT clinic at Peter MacCallum is currently being expanded to 
include liver, kidneys, and adrenals which have been observed to move with larger amplitudes 
than lung lesions; therefore the results and recommendations presented here will be used to 
inform future clinical trial protocols. 
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5 CHAPTER 5: CONCLUSIONS 
 
The effectiveness of stereotactic radiotherapy to treat lung cancer is dependent on the 
accuracy of the patient images used for treatment planning as well as images used for 
alignment immediately prior to the radiotherapy treatment. Patient respiration causes lung 
tumours to move which can adversely affect the quality of the 4DCT image, commonly used 
in treatment planning, and the CBCT image, commonly used in patient alignment. One 
method of motion compensation is to contour an ITV on a 4DCT MIP images to indicate the 
volume in which the lung tumour moved during imaging. This ITV is not only the 
fundamental structure on which the radiation treatment plan is built, but is the reference 
contour to which the tumour ITV on CBCT can be matched for patient alignment. 
It is well known that imaging moving targets with 4DCT and CBCT can result in 
images with motion artefacts and blurry targets, respectively. The objective of this project was 
therefore to investigate whether different breathing patterns, lesion sizes, breath lengths, and 
peak to peak amplitudes of motion resulted in any significant qualitative and quantitative 
effects that would compromise the treatment planning volumes or patient alignment using 
these two imaging modalities. Particularly for the large doses per fraction delivered in 
stereotactic lung radiotherapy a misalignment of the patient could be detrimental to the local 
control of the tumour and potentially for patient survival. A literature review on this subject 
revealed that there have been no studies reporting on the effect that irregular breathing 
patterns had on the alignment of CBCT volumes to 4DCT MIP ITV contours, nor have any 
authors volumetrically analysed the ability of CBCT imaging to capture the volumes of lung 
tumour-like objects moving with irregular breathing patterns. The increased global use of 
stereotactic radiotherapy for treating lung cancer and the limited knowledge base regarding 
irregular breathing patterns highlighted a need for this investigation.  
The effect of regular and irregular motion patterns on 4DCT and CBCT images for 
various lesion sizes, amplitudes, and breath lengths was investigated by measuring ITV, ITV 
length, and any misalignments between CBCT ITV and 4DCT MIP ITV contours. Sinusoidal 
motion patterns resulted in the closest agreements to known values of ITV, ITV length, and 
misalignments to MIP ITV contours. Sinusoidal motion patterns therefore represent the ideal 
clinical situation, and though some patients do breathe in this fashion, the majority of patients 
breathe with irregularities in pattern, amplitude, and cycle length. Since sinusoidal motion 
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patterns represent the best case scenario the further investigation of more clinically realistic 
motion patterns has therefore been an important one. 
Imaging various configurations of a moving phantom with 4DCT has shown how 
lesions moving greater than 2 cm can have reduced ITVs, and their lengths shortened by an 
amount that would warrant larger ITV to PTV margins in the direction of motion to account 
for the loss of volume occurring at the extremes of motion. Lesions that move with 
amplitudes less than 2 cm can be better treated with 5 mm isotropic ITV to PTV margins as 
volume losses are not significant and healthier tissue can be spared from high radiation doses. 
Imaging various configurations of a moving phantom with CBCT has shown that 
CBCT imaging was more affected by motion than 4DCT imaging. Lesions moving with a 
breathing pattern that had a rest period following exhalation affected the visualisation of the 
CBCT ITV to include a blurry inferior edge of the ITV and an enhanced superior edge of the 
ITV. Using the enhanced superior edge of the ITV to conduct an edge-to-edge alignment to 
the 4DCT MIP ITV contour was a more accurate method than a centre-to-centre alignment.  
The clinical recommendations developed from the above results include the use of 
anisotropic margins added to 4DCT MIP ITV contours, largest in the direction of motion, to 
account for the volumes that are underrepresented at the extremes of motion for lesions 
moving greater than 2cm. The breathing pattern should be acquired during CBCT imaging of 
the stereotactic lung patient and if the patient exhibits a breathing pattern with a rest period 
following exhalation then the superior edge of the tumour volume should be aligned to the 
superior edge of the 4DCT MIP ITV contour.  
The project has highlighted a need to observe patient breathing patterns and monitor 
tumour amplitude during both planning CT imaging and CBCT imaging for alignment as this 
additional information can be used to more accurately contour the MIP ITV and to more 
accurately align the patient prior to their radiotherapy treatment. 
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